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Abstract
Hypophosphatemic rickets typically presents in infancy or early childhood with skeletal deformities and growth plate abnormalities. The most 
common causes are genetic (such as X-linked hypophosphatemia), and these typically will result in lifelong hypophosphatemia and osteomal-
acia. Knowledge of phosphate metabolism, including the effects of fibroblast growth factor 23 (FGF23) (an osteocyte produced hormone that 
downregulates renal phosphate reabsorption and 1,25-dihydroxyvitamin-D (1,25(OH)2D) production), is critical to determining the underlying 
genetic or acquired causes of hypophosphatemia and to facilitate appropriate treatment. Serum phosphorus should be measured in any child 
or adult with musculoskeletal complaints suggesting rickets or osteomalacia. Clinical evaluation incudes thorough history, physical examination, 
laboratory investigations, genetic analysis (especially in the absence of a guiding family history), and imaging to establish etiology and to monitor 
severity and treatment course. The treatment depends on the underlying cause, but often includes active forms of vitamin D combined with 
phosphate salts, or anti-FGF23 antibody treatment (burosumab) for X-linked hypophosphatemia. The purpose of this article is to explore the ap-
proach to evaluating hypophosphatemic rickets and its treatment options.
Key words:  hypophosphatemia, rickets, fibroblast growth factor 23, X-linked hypophosphatemia, burosumab
Abbreviations:  1,25(OH)2D, 1,25-dihydroxyvitamin D; ADHR, autosomal dominant hypophosphatemic rickets; ARHR, autosomal recessive hypophosphatemic 
rickets; CT, computed tomography; FD, fibrous dysplasia; FGF23, Fibroblast growth factor 23; HHRH, hereditary hypophosphatemic rickets with hypercalciuria; 
PTH, parathyroid hormone; TIO, tumor-induced osteomalacia; TmP/GFR, tubular maximum reabsorption of phosphorus adjusted for glomerular filtration rate; 
XLH, X-linked hypophosphatemia.

Background
Clinical Presentation of Hypophosphatemic Rickets
Rickets is a skeletal abnormality that results from impaired 
apoptosis of hypertrophic chondrocytes and delayed mineral-
ization of growth plate cartilage (1). Most rickets remains nu-
tritional in origin (about 85%); however, hypophosphatemic 
disorders are important to recognize (2). Children with 
hypophosphatemic rickets present similarly to nutritional 
rickets with poor growth, deformities of weight-bearing 
limbs such as genu varum or valgus, a “rachitic rosary” 
involving the costochondral junctions, or enlargement of 
wrist, knees, or ankles. Children may have hypotonia, de-
layed motor development, myopathy, or bone pain. Gait may 
waddling with in-toeing. Children with rickets, especially 
hypophosphatemic rickets, often have short stature with dis-
proportionately short lower extremities, typically after age 
1 year (3). Frontal bossing is common, while some may de-
velop craniosynostosis (4). Dental abscesses are also common 
in X-linked hypophosphatemia (XLH). Family history may 
lead to detection of genetic forms prior to demonstration of 
rickets.

In adults, chronic hypophosphatemia causes osteomalacia 
with musculoskeletal pain and weakness, especially involving 
the lower extremities and impaired mobility (1). Bone pain 
may accompany acute or chronic insufficiency fractures or 
pseudofractures. Adults with hypophosphatemic osteomal-
acia may also have fatigue, enthesopathy, osteoarthritis, and 
dental disease, and are often short with persistence of child-
hood skeletal deformities (5-7).

Phosphorus Metabolism
Hydroxyapatite incorporates about 85% of the body’s inor-
ganic phosphate; thus phosphate is critical to skeletal growth 
and function (8). Insufficient phosphate causes failure of 
hypertrophic chondrocytes to apoptose, disorganization of 
the growth plate, and delayed mineralization of the growth 
plate and osteoid (9). The intracellular compartment contains 
most remaining phosphate, with roles in DNA, RNA, energy 
metabolism, cellular structural components, and intracellular 
signaling processes. Serum phosphorus measurements detect 
production of a phosphomolybdate complex from inorganic 
phosphate (10). Hypophosphatemia impairs several cellular 
processes, causing neuromuscular dysfunction, especially 
when acute or severe. However, chronic hypophosphatemia 
induces rickets and osteomalacia (8).

Phosphate is abundant in most foods; therefore, nutritional 
phosphate deficiency is uncommon. Paracellular sodium–in-
dependent phosphate absorption is passive and concentra-
tion dependent (11). Active intestinal phosphate absorption 
is upregulated by 1,25(OH)2D through expression of sodium 
phosphate transporter IIb and type III sodium–dependent 
phosphate transporters.

Fibroblast growth factor 23 (FGF23) is a protein hormone 
produced primarily in osteocytes (12). FGF23 gene expression 
is increased by 1,25(OH)2D, high dietary phosphate intake, 
or hyperphosphatemia, though the phosphate-sensing mech-
anism has been elusive. High phosphate diet induces tyrosine 
phosphorylation of FGFR1c in the absence of FGF ligands, 
activating extracellular signal–regulated kinase signaling and 
inducing expression of GALNT3 to regulate post-translational 

The Journal of Clinical Endocrinology & Metabolism, 2023, 108, 209–220

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/108/1/209/6671527 by guest on 04 June 2025

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0002-5186-8593
https://orcid.org/0000-0002-7284-3467
mailto:eimel@iu.edu?subject=
iPad (10)

iPad (10)

iPad (10)

iPad (10)



2

modification of FGF23 protein (13). O-glycosylation of intact 
FGF23 via N-acetyl-galactosaminyltransferase 3 (encoded by 
GALNT3) prevents proteolytic cleavage of FGF23 into in-
active fragments (14). Increasing GALNT3 expression con-
tributes to increases in serum intact FGF23 (13). FGF23 gene 
expression is also stimulated by FGFR1 liganded signaling, 
PTH, leptin, catecholamines, mineralocorticoids, and iron 
deficiency (15, 16). Hypocalcemia appears to impede FGF23 
production (17). PHEX and DMP1 are expressed in osteo-
blast/osteocytes and dentinoblasts (18, 19). Deficiency of 
PHEX or DMP1 results in increased FGF23 gene expression 
and circulating FGF23, though it is not clear that PHEX has 
a role in normal FGF23 regulation (15, 20, 21). FGF23 binds 
to alpha klotho as a cofactor to form a ternary subunit which 
stimulates FGFR1 (12).

Phosphorus balance is regulated at the kidney. Phosphorus 
is filtered at the glomerulus; then mostly reabsorbed in the 
proximal renal tubule. There is no paracellular transport 
of phosphorus in the kidney due to tight junction pro-
teins. Active phosphorus reabsorption is downregulated 
by PTH and FGF23; both decrease surface expression of 
sodium-dependent phosphate cotransport proteins (NaPi2a 
and NaPi2c) in the proximal renal tubules, resulting in 
phosphaturia (1). Excesses of either PTH or FGF23 cause 
hypophosphatemia, while hyperphosphatemia develops 
during deficiency of either PTH or FGF23, indicating that 
neither hormone can fully compensate for the absence of the 
other (22).

FGF23 and PTH have opposing effects on vitamin D me-
tabolism. FGF23 inhibits vitamin D activation via renal 
1-alpha-hydroxylase and stimulates vitamin D degradation 
via 24-hydroxylase. In contrast, PTH stimulates vitamin D 
activation and inhibits its degradation. During dietary phos-
phate deficiency, FGF23 declines and 1,25(OH)2D increases, 
together resulting in higher intestinal absorption and renal re-
absorption (11). High-dose 1,25(OH)2D partially antagonizes 
the phosphaturic effect of FGF23 (23).

Differential Diagnosis of Hypophosphatemia
While hypophosphatemia may occur in settings where 
calcium-related abnormalities are the primary feature, such 
as severe vitamin D deficiency, genetic primary vitamin 

D metabolism defects (24-27), or primary or secondary 
hyperparathyroidism, in this article we focus on condi-
tions with hypophosphatemia as a primary manifestation 
and mechanism. Hypophosphatemia occurs by 3 mechan-
isms: transcellular shifts, impaired gastrointestinal intake 
or absorption, or renal losses. Chronic hypophosphatemia 
from gastrointestinal or renal mechanisms causes rickets 
(8). Figure 1 illustrates the differential diagnosis of chronic 
hypophosphatemia.

Shifts from extracellular to intracellular compartments in-
stigates acute hypophosphatemia during refeeding syndrome 
or treatment of diabetic ketoacidosis with insulin, when 
phosphate moves intracellularly for glucose utilization (28). 
Transient cellular phosphate uptake also occurs due to re-
spiratory alkalosis during salicylate poisoning or rapid mech-
anical ventilation. The resulting hypophosphatemia can be 
severe and have neuromuscular consequences but is too brief 
to cause rickets.

Dietary phosphate deficiencies typically occur in combin-
ation with vitamin D and other nutritional deficiencies (eg, al-
coholism, anorexia, starvation, or malabsorption). Premature 
infants have higher phosphate demands than older infants, 
and those with impaired nutritional intake or absorption, or 
during parenteral nutrition are at risk for hypophosphatemia 
(8). Infants and children receiving certain amino acid–based 
nutritional formulae may develop hypophosphatemic rickets 
and osteomalacia due to impaired phosphate bioavailability 
(29, 30). Antacids and phosphate binders impair absorption 
of phosphate (28).

Hypophosphatemia due to renal losses can be FGF23 
dependent or FGF23 independent. FGF23-mediated con-
ditions typically involve isolated renal phosphate losses. Non-
FGF23–mediated hypophosphatemia is often accompanied 
by hypercalciuria.

FGF23-mediated Hypophosphatemia
X-linked hypophosphatemia 
XLH, caused by X-linked dominant variants in PHEX, is the 
most common inherited rickets. Over 870 variants in PHEX 
have been described (including missense, nonsense, frameshifts, 
insertions, deletions, duplications, and splice variants) (31). 
Sporadic PHEX variants occur commonly. Clinical severity 
generally appears unrelated to PHEX genotype or sex (male 
hemizygous vs female heterozygous). Individual kindreds 
demonstrate wide clinical variability (32). PHEX inactivation 
increases FGF23 expression (20), with consequent low TmP/
GFR, hypophosphatemia, and low/normal 1,25(OH)2D.

Children with XLH are born without rickets and signs 
of rickets develop over several months, presenting with 
bowing of lower limbs and short stature (33). Patients with 
XLH also have frequent dental abscesses, wide dental ca-
nals, and open apices, which may require root canal treat-
ments or tooth extractions (33-35). Sensorineural hearing 
loss is common in adults and some children with XLH, and 
may include cochlear malformation (36). Chiari malforma-
tion and craniosynostosis also may occur in XLH (37, 38). 
Importantly, XLH causes lifelong hypophosphatemia, and 
adults may have muscle weakness, bone pain from osteo-
malacia, gait abnormalities from bone deformities, osteo-
arthritis, and enthesopathy (39). Bone density is typically 
not low in patients with XLH (40). Past studies that used 
self-reports have indicated that fractures were not more 
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common in persons with XLH than among familial con-
trols (41). However, osteomalacic pseudofractures are 
common, especially in adults with XLH. Patients with XLH 
often are unaware of their existing or past pseudofractures 
or of the difference between fractures, pseudofractures, 
or stress fractures, and more recent articles have tended 
to report these grouped together without distinguishing 
them, indicating high rates of “fractures/pseudofractures” 
in XLH, based on skeletal surveys (42) or on survey self-
reporting (39, 43).

Autosomal recessive hypophosphatemic rickets 
Inactivating variants in multiple genes cause autosomal re-
cessive hypophosphatemic rickets (ARHR) including dentin 
matrix protein 1 (DMP1), ectonucleotide pyrophosphatase/
phosphodiesterase 1 (ENPP1) and family with sequence simi-
larity 20, member C (FAM20C). DMP1 deficiency causes de-
fective osteocyte maturation, and increases FGF23 expression 
(19). Children with DMP1 variants present similarly to XLH, 
with rickets and a significant dental phenotype (19).

FAM20C variants cause Raine syndrome, along with 
hypophosphatemia (44, 45), cerebral calcifications, 
osteosclerosis of long bones, facial and acral dysmorphism, 
and dental decay. FAM20C enhances DMP1 expression (46) 
and phosphorylates FGF23, causing impairment of GALNT3-
mediated O-glycosylation and making FGF23 prone to 
cleavage (20). FAM20C deficiency both increases FGF23 gene 
expression and decreases FGF23 cleavage.

ENPP1 deficiency causes generalized arterial calcification 
of infancy (47, 48), which is lethal in over half of affected 
infants but bisphosphonates are thought to improve survival. 
Hypophosphatemia develops in survivors causing rickets and 
osteomalacia (49). ENPP1 cleaves adenosine triphosphate to 
produce pyrophosphate, which impairs mineralization. In 
ENPP1 deficiency, insufficient pyrophosphate leads to vas-
cular calcification, but not concurrent increased bone min-
eralization. Instead, FGF23 increases, and hypophosphatemia 
causes impaired skeletal mineralization. Osteomalacia is 
evident in most patients by age 14 years, and heterozygous 
adults develop osteoporosis (50, 51).

Figure 1.  Algorithm for assessing causes of hypophosphatemic rickets. Note that before applying this algorithm, the calciopenic causes of rickets (such 
as vitamin D deficiency, etc., must first be excluded). The calciopenic forms are often marked by hypocalcemia along with marked elevation of PTH. 
Once calciopenic forms are excluded, evaluation for causes of hypophosphatemia is pursued beginning with TmP/GFR. aConsider genetic causes even 
without family history. bIron deficiency itself triggers hypophosphatemia in ADHR. cIron infusions especially iron carboxymaltose or polymaltose can 
also trigger hypophosphatemia, likely through impaired cleavage of FGF23. dFGF23 may be high in hyperparathyroidism. eHypercalciuria may not always 
be present in tubulopathies. fNon-FGF23–mediated causes of hypophosphatemia may still result in high FGF23 concentrations if moderate to severe 
chronic kidney disease develops.
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Autosomal dominant hypophosphatemic rickets
Autosomal dominant hypophosphatemic rickets (ADHR) is 
caused by FGF23 variants affecting a cleavage site, leading 
to impaired cleavage and high levels of intact FGF23 (52-54). 
ADHR may present at any age as these variants have incom-
plete and variable timing of penetrance. While some develop 
hypophosphatemic rickets in early childhood, others have 
normal serum phosphorus without rickets during childhood 
and demonstrate delayed onset of hypophosphatemia with 
osteomalacia in adolescence or adulthood (53, 55). Spontaneous 
remission, with normalized FGF23 and phosphate, and recur-
rence of hypophosphatemia both occur.

Human and mouse studies demonstrated that high in-
tact FGF23 and hypophosphatemia only develop in ADHR 
during iron deficiency (56, 57). FGF23 expression and levels 
are normal during iron sufficiency. FGF23 expression in-
creases during iron deficiency, and when combined with 
the impaired FGF23 cleavage in ADHR leads to high intact 
FGF23 concentrations and hypophosphatemia. In ADHR 
patients oral iron replacement normalized FGF23 and serum 
phosphate (58).

Iron Infusion–induced Hypophosphatemia
Since iron deficiency increases FGF23 gene expression, this 
may be relevant to general iron deficiency. Multiple studies 
demonstrate an inverse relationship between ferritin or serum 
iron with C-terminal FGF23 (these assays detect inactive frag-
ments plus intact FGF23) (57, 59). However, without FGF23 
mutations, intact FGF23 is typically normal during iron defi-
ciency. For uncertain reasons, iron infusions, especially with 
iron carboxymaltose or iron polymaltose, appear to acutely 
impair FGF23 cleavage, triggering transient intact FGF23 
elevations and hypophosphatemia in over 70% of patients 
during prospective studies (60, 61). Serum phosphorus should 
be monitored in these patients, as several reports describe se-
vere hypophosphatemic osteomalacia following iron infu-
sions, and the symptoms can be nonspecific.

Tumor-induced osteomalacia
Tumor-induced osteomalacia (TIO) is an acquired renal 
phosphate wasting disorder that has an indolent presenta-
tion, usually in adulthood, caused by typically small benign 
mesenchymal tumors secreting excess FGF23 (62, 63). The 
resulting renal phosphate losses, hypophosphatemia, and low 
1,25(OH)2D cause myopathy, bone pain, and insufficiency 
fractures (64). Some causative tumors have an FN1-FGFR1 
(fibronectin and fibroblast growth factor receptor 1)  tran-
scriptional fusion (62). The tumors can be difficult to detect 
despite advanced imaging.

Fibrous Dysplasia
Fibrous dysplasia (FD) of bone can be monostotic or 
polyostotic and is often associated with café au lait mac-
ules, precocious puberty, or other endocrine hyperfunction 
in McCune–Albright syndrome due to GNAS mutations (8). 
FGF23 is expressed in FD lesions and C-terminal FGF23 levels 
correlate with the total body FD quantity (65). Intact FGF23 
is often not high, which is postulated to be due to less FGF23 
glycosylation and altered cleavage (66). However, patients 
with FD may develop high intact FGF23, hypophosphatemia, 
and osteomalacia or rickets.

Lesions similar to FD occur in osteoglophonic dysplasia 
and cutaneous skeletal hypophosphatemia syndrome (67-69). 

Osteoglophonic dysplasia, caused by dominant activating 
variants in FGFR1, presents as a skeletal dysplasia with 
rhizomelic short stature, craniofacial bone anomalies, and 
focal nonossifying skeletal lesions (67, 68). Cutaneous skel-
etal hypophosphatemia syndrome is a neuroectodermal dis-
order with elevated levels of immunoglobin E, PTH, and 
FGF23, presenting with seizures, developmental defects, skel-
etal and cutaneous lesions, and hypophosphatemia (70, 71), 
caused by somatic activating mutations in HRAS, KRAS, and 
NRAS (72).

Kidney Transplant and Hepatic Resection
Patients with end-stage kidney disease have severe elevations of 
FGF23 (73). Following kidney transplant, patients commonly 
develop prolonged hypophosphatemia secondary to persist-
ence of elevated FGF23 (18). Transient hypophosphatemia 
after hepatic resection lasts from 1 to several days (74-76). 
While previously reported to be independent of FGF23, it 
is noted that FGF23 gene expression in liver macrophages 
is stimulated during acute liver injury (77) and in 2 infants 
with biliary atresia, FGF23-mediated hypophosphatemia 
normalized after liver transplantation (78).

Non-FGF23–mediated Renal Hypophosphatemia
In several conditions, the renal tubule contains the pri-
mary defect mediating hypophosphatemia, and FGF23 is 
appropriately suppressed. These are often accompanied by 
hypercalciuria and include the Fanconi syndromes.

Hereditary hypophosphatemic rickets with hypercalciuria 
(HHRH) is caused by recessive SLC34A3 variants leading to 
insufficient renal sodium-dependent phosphate cotransporter 
2c, impaired phosphate reabsorption, and often severe 
rickets (79, 80). In HHRH, high 1,25(OH)2D production 
causes gastrointestinal hyperabsorption of calcium and 
hypercalciuria with nephrolithiasis and nephrocalcinosis. 
Heterozygotes are also prone to nephrolithiasis.

Several genetic renal tubulopathies (Fanconi syndromes) 
cause hypophosphatemia, including mutations in chloride 
channel 5 (Dent disease), sodium phosphate cotransporter 
2a, cystinosin (CTNS, causing nephropathic cystinosis), and 
hereditary tyrosinemia (81-86). In addition to renal phos-
phate wasting, these cause various renal losses of amino 
acids, glucose, bicarbonate, and other solutes. Some NaPi2a 
(SLC34A1) variants result in abnormal processing and 
intracellular transport of the protein and tubular damage, 
causing a generalized tubulopathy (83). Other NaPi2a 
(SLC34A1) variants cause infantile hypercalcemia due to 
secondary 1,25(OH)2D production or cause nephrolithiasis 
in adults (84, 85). Dent disease is an X-linked recessive 
disorder, due to chloride channel 5 or OCRL1 variants 
impairing lysosomal trafficking and causing tubular damage 
(81). In addition to hypophosphatemic rickets, patients have 
significant proteinuria, high 1,25(OH)2D, hypercalciuria, 
nephrocalcinosis, and develop chronic kidney disease. 
Nephropathic cystinosis causes tissue damage due to 
cystine accumulation in many organs including the kid-
neys, causing generalized renal tubule substrate losses and 
chronic kidney disease.

Fanconi syndromes with hypophosphatemia may be 
caused by drug or toxins such as heavy metals antibiotics, 
and antiretroviral and anticancer medications (8, 87). For ex-
ample, the nucleotide reverse transcriptase inhibitor tenofovir 
causes mitochondrional DNA depletion and ultrastructural 
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mitochondrial abnormalities in renal proximal tubules, and a 
reversible Fanconi syndrome can develop (88-90).

Evaluation
History
Detailed history should consider the age at apparent onset of 
hypophosphatemia or of symptoms or signs. Symptoms related 
to gait, skeletal deformities, and neurologic symptoms should 
be sought. Short stature is common to many of the causes 
of hypophosphatemic rickets and does not differentiate them. 
Dietary intake, pediatric formula feeding, and supplements 
should be recorded. A  history of malabsorptive conditions, 
iron deficiency, kidney stones, or other systemic symptoms 
(such as precocious puberty or endocrine hyperfunction in 
McCune–Albright syndrome) may help identify etiologies. 
A history of polyuria, polydipsia, and failure to thrive may 
indicate Fanconi syndromes, such as cystinosis. Similarly, a 
history or evidence of chronic kidney disease may be a clue to 
diagnosis of Dent disease or hereditary hyperphosphatemic 
rickets with hypercalciuria. Vision problems might indicate 
possible Lowe syndrome or cystinosis, or optic nerve com-
pression from craniofacial fibrous dysplasia. Medication 
history should note phosphate binders, medications causing 
tubular damage, and iron infusions.

Family history and inheritance pattern is helpful if positive. 
However, a negative family history does not rule out genetic 
causes. ADHR can have incomplete penetrance or delayed 
onset of hypophosphatemia. XLH is often sporadic and mild 
XLH may go undetected until adulthood. ARHR may appear 
to be a spontaneous disorder without known family history. 
A  family history of neonatal death (especially in a sibling) 
from heart failure or arterial calcifications raises the possi-
bility of autosomal recessive hypophosphatemic rickets due 
to mutations in the ENPP1 gene.

Physical Examination
Physical examination identifies the consequences of 
hypophosphatemia and features guiding the differential diag-
nosis. Children may have bowing of limbs, waddling gait, 
in-toeing, enlargement of the wrist, knees, or ankles, frontal 
bossing, fusion of skull sutures, expansion of the costochondral 
junctions, or a horizontal groove along the thoracic border. 
Bone pain evident on palpation, movement, or weight bearing 
may be secondary to osteomalacia alone, but should prompt 
consideration of fracture or pseudofracture. Dental abscesses 
are common in XLH (33). Muscle weakness and abnormal 
gait may be present. Enthesopathy often manifests as de-
creased range of motion at the spine or large joints due to 
calcification of entheses in adults with XLH (62). If TIO is 
considered, a mass may be palpated in any part of body (8, 
91). Skin examination may detect café au lait macules (FD 
and McCune–Albright syndrome) or abnormal nevi with a 
variety of morphologies (pink/orange hairless plaques or 
brown verrucous lesions that are exophytic and friable; nevi 
on mucous membranes, mouth, or eyes, which could repre-
sent linear sebaceous nevi) (70). FD may result in deformities 
of long bones or facial asymmetry due involved craniofacial 
bones.

Laboratory
We recommend collecting samples before initiating treat-
ment to avoid confounding the results. If a patient is already 

receiving treatment, stopping phosphate and calcitriol for a 
week before testing can clarify the diagnosis. Initial evalu-
ation includes measuring serum calcium, phosphorus, PTH, 
alkaline phosphatase, and 25-hydroxyvitamin D. While sec-
ondary hyperparathyroidism often accompanies rickets, 
rickets is not usually caused by primary hyperparathyroidism. 
Hypocalcemia would suggest abnormal vitamin D stores 
or vitamin D metabolism or a tubulopathy. Alkaline phos-
phatase levels are typically elevated in rickets but may be only 
mildly high (8). Normal serum phosphorus and alkaline phos-
phatase values are higher in infants and young children and 
decrease with age gradually to adulthood; therefore, one must 
be certain to compare these to age-appropriate normal ranges 
to ensure appropriate diagnosis. Using an adult normal range 
for serum phosphorus could result in missing the diagnosis of 
hypophosphatemia.

TmP/GFR is determined using either a fasting second 
morning void or a 2-hour morning urine collection, with 
concurrent measures of serum and urine phosphorus and 
creatinine. TmP/GFR is also higher in infants and children 
than in adults; in general, the normal TmP/GFR ranges at any 
age are similar to the normal serum phosphorus ranges for 
age. While a nomogram (92) or an algorithm (93, 94) may 
be used to determine TmP/GFR, these are less accurate in 
children, and the nomogram does not incorporate the full 
pediatric normal range. We suggest using the following equa-
tion for TmP/GFR in children (95, 96): TmP/GFR = serum 
phosphate – [(urine phosphate × serum creatinine)/urine cre-
atinine]. This equation has the advantage of performing simi-
larly in fasting and nonfasting conditions, which is useful in 
young children and in those with afternoon clinical appoint-
ments. A  high TmP/GFR indicates appropriate renal phos-
phate conservation (thus a gastrointestinal or dietary cause of 
hypophosphatemia), while low TmP/GFR indicates inappro-
priate renal phosphate wasting.

High or high–normal FGF23 levels support an FGF23-
mediated cause (97). However, the diagnosis is often clear 
without FGF23 measurements. In XLH and other FGF23-
mediated hypophosphatemia, 1,25(OH)2D is often low 
or low–normal but is often high in non-FGF23–mediated 
hypophosphatemia. Hypercalciuria in the untreated patient 
often indicates a non-FGF23–mediated cause such as HHRH 
or Fanconi syndrome. However, treatment with vitamin D 
or calcitriol also can cause hypercalciuria. Unless the family 
history indicates an FGF23-mediated cause, it is critical 
to evaluate for generalized proximal renal tubulopathies 
(including Fanconi syndromes, Dent disease, and others) by 
performing urinalysis (such as urine dipstick) and additional 
urine studies paying key attention to elevated urine pH (sug-
gesting bicarbonaturia), glucosuria, albuminuria or general 
proteinuria, amino aciduria or loss of other substrates, in add-
ition to urine calcium, and urine phosphorus. High urinary 
albumin and low molecular weight protein excretion (eg, 
alpha-1 microglobulin, beta-2-microglobulin, retinol-binding 
protein) may suggest Dent disease or other tubulopathies.

Acidosis may be present, and serum bicarbonate may also 
be useful in this regard. Fanconi syndrome due to cystinosis 
although not FGF23 mediated may cause chronic kidney 
disease, which can then lead to elevated FGF23 concen-
trations, but by that point the patient is likely no longer 
hypophosphatemic. Serum ferritin and iron evidence for iron 
deficiency may direct diagnostic considerations. We recom-
mend that serum phosphorus be measured routinely during 
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treatment with intravenous iron, especially if requiring 
multiple doses.

Regardless of family history or age of presentation, con-
sider genetic testing where available. Family history can 
target gene testing but multigene hypophosphatemia panels 
are available. Alternatively, family members can be screened 
using age-appropriate serum phosphorus and alkaline phos-
phatase ranges, acknowledging false negatives may occur 
especially in the first 3 months of age, which may delay initi-
ation of treatment.

Imaging
Radiographs should be obtained of the wrists and lower 
limbs (and other areas of deformity or pain) to detect signs 
and severity of rickets, fractures, or pseudofractures (98, 
99). Radiographs of growth plates demonstrate metaphyseal 
widening, cupping, flaring, or lucency (100). XLH clinical 
trials applied a 10-point Rickets Severity Scale to wrist and 
knee radiographs (99, 101, 102). Radiographs may reveal 
coxa varum, genu varum or valgum, femoral or tibial bowing, 
tibial torsion, or other deformities. Ribs may have expanded 
costochondral junctions. Treatment effects are monitored 
with serial radiographs. With new or worsening bone pain, 
targeted radiographs may detect fracture or pseudofracture. 
Skull radiographs may indicate skull shape abnormalities, 
while computed tomography (CT) scans can evaluate con-
cerns for craniosynostosis or Chiari malformations.

FD can be detected by nuclear medicine techniques. 
Magnetic resonance imaging and CT scans can evaluate 
for craniofacial or spinal neurovascular impingement. Plain 
radiographs or other focused imaging are useful to evaluate 
changes in FD lesions, or new or worsening symptoms.

Whole body imaging in TIO may include magnetic res-
onance imaging, CT, or positron emission tomography/CT 
to detect a causative tumor. All imaging modalities have 
low sensitivity, but functional whole body imagining with 
68Ga-DOTATATE positron emission tomography/CT is useful 
when available (103-105). Selective venous sampling for 
FGF23 is described (105, 106). If the causative tumors are 
not identifiable, periodic repeat imaging is needed.

Management
The treatment goals for hypophosphatemic rickets in children 
are to improve growth, rickets, skeletal deformity, bone pain, 
muscle strength, and ambulation. Treatment during growth 
can improve height and lower limb deformities. However, 
many children still require corrective surgeries for lower 
limb deformities. In adults, treatment goals are to decrease 
bone pain, heal or prevent fractures, and improve mobility. 
Treatment must be balanced against the complications of 
therapy.

Phosphate Salts and Active Vitamin D
Conventional therapy for XLH (and other FGF23-mediated 
hypophosphatemia) has involved high doses of active vitamin 
D (calcitriol, alfacalcidol, etc.) and oral phosphate. Oral 
phosphate doses typically range from 20 to 60 mg/kg per day 
of elemental phosphorus divided into 3 to 5 doses (33, 100). 
However, treating XLH with phosphate salts alone (without 
active vitamin D) is inappropriate and ineffective, and can 
cause severe hyperparathyroidism (107). Calcitriol (or other 

forms of active vitamin D) stimulate intestinal phosphate ab-
sorption, and is necessary to heal rickets and osteomalacia 
(108, 109). Calcitriol dosing is typically 20 to 30 ng/kg per 
day divided into 2 to 3 doses, while alfacalcidol dosing is 40 
to 60  ng/kg per day (33, 100, 110). Some patients require 
higher (or lower) doses of phosphate or active vitamin D.

Dosage is titrated based on laboratory testing, improve-
ment in rickets and skeletal deformity on radiographs, and 
minimization of gastrointestinal and other side effects. 
Conventional therapy does not correct renal phosphate 
wasting, so, during treatment with calcitriol and phosphate, 
we do not target normal serum phosphorus due to safety 
concerns (nephrocalcinosis and hyperparathyroidism). Oral 
phosphate and calcitriol are administered multiple times a 
day due to short half-life and ongoing renal losses, limiting 
compliance.

Since the goal is for alkaline phosphatase and rickets to im-
prove with treatment, it may be reasonable to increase doses 
of calcitriol or phosphate carefully to help reach this goal, un-
less the other safety laboratory assessments (normal to high 
serum phosphorus, high calcium, high PTH, or high urine 
calcium excretion) or other safety issues would prohibit that 
change. Recognize also that improvements in alkaline phos-
phatase takes time, and often alkaline phosphatase increases 
transiently on initiation of therapy for hypophosphatemic 
rickets or osteomalacia. Once stable dosing (of calcitriol and 
phosphate, or of burosumab) is established, monitoring is re-
commended about every 3 to 4 months for serum phosphorus, 
calcium, creatinine, and alkaline phosphatase, as well as urine 
calcium and creatinine. Importantly if the fasting serum phos-
phorus is low on treatment, that is not itself an indication to 
adjust phosphate salts or calcitriol.

Treating non-FGF23–mediated hypophosphatemia is more 
complex; hypercalciuria is often present. HHRH is treated 
with phosphate salts as monotherapy because of inherently ele-
vated 1,25(OH)2D and hypercalciuria. When treating HHRH 
with phosphate salts, high 1,25(OH)2D may persist, though 
hypercalciuria can improve (79, 80), while phosphaturia per-
sists and hyperparathyroidism remains a risk. Similarly, pa-
tients with renal tubulopathies are at risk for hypercalciuria, 
limiting treatment with active vitamin D and requiring careful 
monitoring for hypercalciuria and progressive kidney disease. 
Targeted therapy for cystinosis is available as cysteamine.

Burosumab
Burosumab is a monoclonal antibody that binds FGF23 to 
inhibit its activity (111). It is FDA approved as monotherapy 
for children and adults with XLH or TIO. Further studies are 
needed regarding other FGF23-mediated disorders (112-114). 
Burosumab is mechanistically inappropriate when FGF23 
concentrations are low and is contraindicated in moderate to 
severe kidney disease.

Clinical trials of burosumab in children and adults with 
XLH demonstrate increases in TmP/GFR, serum phosphorus, 
and 1,25(OH)2D (102, 111, 115). The half-life of subcutane-
ously burosumab is about 13 to 19 days, and dosing is every 4 
weeks in adults (115, 116), and every 2 weeks in children (111). 
The peak increase in TmP/GFR occurs about 7 days after in-
jection, and the peak serum phosphorus and 1,25(OH)2D are 
between 3 and 7 days after injection (116). The peak serum 
1,25(OH)2D rises into the supraphysiologic range for at least 
the first several injections (111, 116). However, hypercalcemia 
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and hypercalciuria did not develop in the clinical trials. With 
repeated dosing, the magnitude of the post-dose 1,25(OH)2D 
surge lessens to more physiologic levels.

Calcitriol and phosphate treatment should be stopped 1 
week prior to starting burosumab. Children start burosumab 
at 0.8 mg/kg every 2 weeks, which can be titrated up to 2 mg/
kg every 2 weeks targeting a low to mid-normal serum phos-
phorus concentration, while avoiding hyperphosphatemia. 
The standard dose in adults is 1 mg/kg every 4 weeks. The 
maximum weight-based dose is 90 mg. Hyperphosphatemia 
occasionally requires dose reduction. Thus, periodic measure-
ment of serum phosphorus at peak and trough time points is 
important to monitor burosumab.

In a randomized controlled XLH trial, children aged 
1-12  years having active rickets (after prior conventional 
therapy for a mean of over 3 years) were then randomized to 
either continue conventional therapy or start burosumab for 
a 64-week controlled trial period (102). Burosumab improved 
fasting serum phosphorus and TmP/GFR, while conventional 
therapy did not. Both treatment groups had improvements 
in rickets severity and alkaline phosphatase, with greater im-
provements demonstrated with burosumab. Similar improve-
ments in rickets were seen among the children <5 years and 
those 5-12  years old at enrollment (117). Modest growth 
improvements were seen with burosumab, but the effect on 
final adult height is not known. Additionally, the influence 
of burosumab on the need for corrective skeletal surgery is 
not known.

The clinical severity of XLH varies widely, as does the re-
sponse to conventional therapy. It is reasonable to start all 
children on conventional therapy to monitor initial response 
and to avoid delays in starting treatment (and for cost and in-
surance reasons many may require a period of treatment with 
conventional therapy before being approved for burosumab). 
However, for those with more severe rickets, more severe de-
formities, and short stature, starting burosumab earlier (or as 
initial therapy) is likely to be beneficial. Among children who 
are tolerating conventional therapy with good results in terms 
of growth and healing of rickets, normalization of alkaline 
phosphatase, and lack of deformity, continuing on conven-
tional therapy is reasonable. These children should be moni-
tored though for complications of conventional therapy such 
as hyperparathyroidism, which may be a reason to consider 
switching to burosumab. For children who are having per-
sistent rickets during conventional therapy, bone pain, failure 
to correct alkaline phosphatase, or worsening growth deficit, 
a switch to burosumab should be considered. Compliance is 
difficult with conventional therapy, requiring multiple daily 
dosing, and may be a further reason for limited response to 
conventional therapy. In this situation, children may also 
benefit from the switch to injections of burosumab every 2 
weeks for a more consistent therapeutic effect.

There are no clinical trials or other studies of burosumab 
addressing the transition period from adolescence to adult-
hood to provide evidence-based treatment guidance in this 
regard. It has been our practice to continue to treat with the 
every 2 week pediatric dose regimen until the patient has 
normal alkaline phosphatase for age and has clearly finished 
growing based on either bone age or lack of further growth, 
and then to transition to every 4 week dosing of burosumab 
in accordance with adult dosing. When switching from every 
2 week to every 4 week dosing, laboratory monitoring should 

be followed to ensure the phosphorus remains in the target 
range and to guide dose adjustment.

Adults with XLH also have a substantial burden of 
disease, related to ongoing effects of hypophosphatemia, 
osteomalacia, enthesopathy, osteoarthritis, bone pain, 
and fractures (39). A  24-week, randomized, double-blind, 
placebo-controlled trial in adults with XLH and chronic pain 
demonstrated improvements in serum phosphorus, while 
bone turnover markers increased, with improvements in pain, 
stiffness, physical function, and mobility (42, 118). At base-
line, half the patients had nephrocalcinosis, 99% had radio-
graphic enthesopathy, and approximately half of the patients 
in each group had active fractures or pseudofractures. After 
burosumab, 43.1% of the active fractures/pseudofractures 
had completely healed by week 24 (compared with 7.7% of 
the placebo group), increasing to 63% during the 48-week ex-
tension trial, demonstrating a positive effect, and illustrating 
the difficulty healing these chronic lesions in XLH.

Monitoring
Monitoring is similar for conventional therapy or for 
burosumab. Initial monthly laboratory monitoring can 
extend to every 3 to 4 months once stable dosing is estab-
lished for serum phosphorus, calcium, creatinine, alkaline 
phosphatase, and urine calcium and creatinine. Importantly, 
hypophosphatemia during conventional therapy is not an in-
dication to adjust phosphate salts or calcitriol. In contrast, 
burosumab treatment targets low–normal trough phosphorus 
requiring periodic measurements at peak and trough time 
points. If serum phosphorus is elevated, regardless of treat-
ment modality, the doses should decrease. Worsening kidney 
function or nephrocalcinosis also prompt dose decreases.

Hypercalcemia is an indication to decrease calcitriol 
dosing. We would also consider decreasing burosumab doses 
for hypercalcemia or hypercalciuria. Some authors have re-
commended monitoring 1,25(OH)2D during treatment 
(33). In fact, the mean peak values of 1,25(OH)2D were 
supraphysiologic during the registration clinical trials (42, 
102, 111, 115, 116), but the trials did not adjust doses based 
on 1,25(OH)2D. Decreasing the dose based on 1,25(OH)2D 
levels may limit the effectiveness of burosumab by allowing 
persistent hypophosphatemia. Thus, monitoring 1,25(OH)2D 
adds cost without clear benefit, and we have not recommended 
monitoring 1,25(OH)2D during treatment. There is greater 
rationale for monitoring urine calcium excretion and serum 
calcium as the likely signals of true adverse 1,25(OH)2D ef-
fects. PTH should be assessed every 6  months and during 
hypercalcemia. If PTH is elevated, either the dose of calcitriol 
should be increased (unless there is hypercalcemia), or the 
dose of phosphate decreased. Patients may require supple-
mentation to maintain normal 25-hydroxyvitamin D concen-
trations. Alkaline phosphatase often increases transiently on 
initiation of therapy, but over time normalization is a marker 
of therapeutic effect. Burosumab dosing is titrated based on 
serum phosphorus rather than alkaline phosphatase. Monitor 
growth and radiographs annually in children.

While enthesopathy and osteoarthritis are often debilitating 
features in adults with XLH, there are no data that conven-
tional therapy or burosumab prevents or improves these in 
humans or mouse models (39, 119-121). The burosumab 
trials could not evaluate changes in structural abnormalities 
of osteophytes and enthesopathy, since enthesopathy and 

215The Journal of Clinical Endocrinology & Metabolism, 2023, Vol. 108, No. 1
D

ow
nloaded from

 https://academ
ic.oup.com

/jcem
/article/108/1/209/6671527 by guest on 04 June 2025

iPad (10)

iPad (10)

iPad (10)



8

osteoarthritis develop over many years. Adults with XLH re-
quire symptom monitoring, directed imaging, and consider-
ation of the impact of enthesopathy, osteoarthritis, or spinal 
stenosis on mobility and quality of life. Joint replacements 
and spinal surgery are common.

Dental abscesses and periodontal disease remain common 
and sometimes severe with either conventional therapy or 
burosumab. Consequently, regular dental care is necessary. 
Some data suggest dental complications are less severe among 
adults receiving conventional therapy than in those not re-
ceiving ongoing treatment (121, 122). To date, burosumab 
studies have not indicated improvements in dental health, 
but in the relatively short controlled trials (24-64 weeks), 
there were more dental events during burosumab than during 
conventional therapy. In the hyp mouse, both anti-FGF23 
antibody and calcitriol improved dentoalveolar mineraliza-
tion, and calcitriol increased dentin volume and thickness 
over anti-FGF23 antibody, but neither treatment normalized 
dental features (123).

TIO Treatment
The first-line treatment for TIO is curative complete surgical 
resection (63, 124), but the tumor may be inoperable or not 
locatable. Generally patients have been treated for osteomal-
acia similarly to XLH with calcitriol and phosphate, though 
adjunctive therapy with cinacalcet may be beneficial (125). 
Burosumab also improves phosphate, mobility, fracture 
healing, and osteomalacia in TIO (126). After resection, medi-
cations can be tapered if cured (127).

Complications of Medical Therapy
Important side effects complicate treatment of 
hypophosphatemic rickets. Phosphate salts cause gastrointes-
tinal symptoms, including dyspepsia and a laxative effect. 
Decreasing the dose and gradual upward titration may im-
prove tolerability.

Secondary hyperparathyroidism is commonly present 
prior to starting treatment in XLH, but is also worsened by 
phosphate salts. Secondary hyperparathyroidism affects over 
80% of patients with XLH (128), and up to 25% to 30% 
of adults with XLH develop hypercalcemic tertiary hyper-
parathyroidism during conventional therapy, with lower 
rates in childhood (128, 129). Tertiary hyperparathyroidism 
tends to occur with higher phosphate doses and longer dur-
ations of treatment (130, 131). A calcimimetic (ie, cinacalcet) 
may be attempted; however, insurance approval may be a 
barrier, and nausea is a common side effect. Regarding sur-
gical intervention, resection of multiple parathyroid glands 
is typically required due to multigland hyperplasia. Risks 
include persistent hypercalcemia after incomplete resec-
tion, recurrence of hypercalcemia years later, or postsurgical 
hypoparathyroidism.

We recommend titrating phosphate salts and calcitriol to try 
to normalize the PTH. Limited data suggest that burosumab 
may improve though not necessarily normalize secondary 
hyperparathyroidism (118). However, once parathyroid au-
tonomy is established, burosumab likely will not normalize 
hyperparathyroidism. Patients who are already hypercalcemic 
or hypercalciuric may be at risk for worsening serum or urine 
calcium during post-burosumab spikes in 1,25(OH)2D. If con-
sidering burosumab in patients with tertiary hyperparathyr-
oidism, clinicians should address the hyperparathyroidism 
first and monitor calcium closely.

Nephrocalcinosis affects over 50% of persons with XLH 
as a complication of conventional therapy. Nephrocalcinosis 
is associated with renal tubular acidosis and hypercalciuria 
in XLH (132). In the setting of nephrocalcinosis or 
hypercalciuria, patients may benefit from decreasing their 
doses of calcitriol, or possibly adding a thiazide diuretic. 
Chronic kidney disease is reported in up to 17.6% of XLH 
patients with nephrocalcinosis (128), and, though usually 
mild, there are rare occurrences of end-stage kidney disease. 
Other ectopic calcifications are also possible, and 1 study re-
ported intracranial calcifications in 32% of adults with XLH 
over age 40 years (119). Nephrocalcinosis is still a potential 
risk of burosumab as hyperphosphatemia may occur and 
1,25(OH)2D concentrations increase (118). However, an ob-
servational study reported burosumab’s TmP/GFR improve-
ments were accompanied by decreases in the urine calcium/
creatinine ratio (133). In burosumab clinical trials, a dif-
ference in risk could not be determined. Renal ultrasounds 
should be used to screen and monitor nephrocalcinosis at 
least every 1 to 2 years (100).

In the pediatric trials, fever, myalgia, and transient injection 
site reactions were common (102, 111). Although hypersen-
sitivity reactions were commonly reported in burosumab-
treated children, none of the children withdrew from the trial. 
Other reported side effects were headache, cough, pain in ex-
tremities, and nasopharyngitis (102, 111). Some report early 
increases in bone pain during initiation of burosumab that 
improves over time.

Restless legs syndrome in adults with XLH was first re-
ported during the uncontrolled open-label burosumab phase 
2 clinical trial (116). The placebo-controlled trial in adults 
with XLH confirmed an 11.8% incidence of restless legs 
syndrome with burosumab, while the placebo group had 
a 7.6% incidence of restless legs syndrome (42). In our ex-
perience, restless legs syndrome is frequent among untreated 
adults with XLH, but a substantial proportion develop new 
or worsening restless legs syndrome after starting burosumab. 
Some require medication for restless legs syndrome. However, 
restless legs syndrome may sometimes subsequently improve 
or resolve during ongoing burosumab.

Pregnancy
Little is known about the risks and benefits of treating XLH 
during pregnancy.

In pregnancy, the high calcium and phosphate demands 
of the fetus might prompt medical treatment with calcitriol 
and phosphate (5, 134). Breast milk from humans with XLH 
has low phosphorus content, while that of the hyp mouse 
is normal (135, 136). However, maternal risks of treatment 
with calcitriol and phosphate include worsening kidney 
function or nephrocalcinosis. Mouse model data indicate 
that although the hyp mouse mother is hypophosphatemic, 
both the hyp fetus and the normal fetus of this mother are 
normophosphatemic in utero (134). As a monoclonal anti-
body, burosumab crosses the placenta and could have po-
tential effects, but the risk for complications of burosumab 
during pregnancy or lactation is not known. Thus, in the 
absence of clear data on benefit or harm during pregnancy, 
treatment should be approached cautiously and with a thor-
ough discussion regarding known and unknown risks from 
either conventional therapy or burosumab. A  decision to 
treat would be based on maternal skeletal related symptoms 
rather than on an expected benefit for the fetus. Regardless 
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of therapeutic approach, we strongly recommend that if the 
mother is treated, she should be monitored at least monthly 
with laboratory tests for safety.

Conclusion
Hypophosphatemic rickets/osteomalacia represent a set of 
rare disorders with many genetic and acquired causes and po-
tential in long-term complications for children and adults, and 
diminishing physical function and quality of life. Therapy for 
hypophosphatemic rickets is directed by the underlying cause 
and management is complex requiring careful monitoring. 
Treatment for the most common cause of hypophosphatemic 
rickets, XLH, has expanded to include the option of anti-
FGF23 therapy with burosumab. Many questions remain 
regarding the long-term effects of burosumab on several out-
comes of interest to patients.
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