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Diagnostic approach to rickets: calcipenic versus phosphopenic rickets
Diagnosis of rickets is based on
• Clinical presentation: leg deformities, waddling gait, muscle weakness, short stature, widened wrist..
• Radiography: metaphyseal fraying, widening of growth plates, leg bowing
• Biochemistry: alkaline phosphatase levels ñ
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Disorder

(abbreviation; OMIM#)
Gene/location Ca P ALP UCa TmP/GFR FGF23 PTH

25

(OH)D$

1,25 

(OH)2D
Pathogenesis

Rickets/osteomalacia with high PTH (calcipenic rickets)

Vitamin D deficiency rickets

N, ¯ N, ¯ ­­­ ¯ N, ¯ N ­­­ ¯¯ varies
Vitamin D 
deficiency

Vitamin D dependent rickets  

type 1A

(VDDR1A; OMIM#264700)

CYP27B1

¯ N, ¯ ­­­ ¯ N, ¯ N ­­­ N ¯

Impaired 
synthesis of 1,25 
(OH)2D

Vitamin D dependent rickets

type 1B 

(VDDR1B; OMIM#600081)

CYP2R1/11p15.2

¯ N, ¯ ­­­ ¯ N, ¯ N ­­­ ¯¯ varies

Impaired 
synthesis of 25 
(OH)D

Vitamin D dependent rickets

type 2A

(VDDR2A; OMIM#277440)

VDR

¯ N, ¯ ­­­ ¯ N, ¯ N ­­­ N ­­

Impaired signaling 
of the VDR

Vitamin D dependent rickets

type 2B

(VDDR2B; OMIM#264700)

HNRNPC

¯ N, ¯ ­­­ ¯ N, ¯ N ­­­ N ­­

Impaired signaling 
of the VDR

Vitamin D dependent rickets

type 3

(VDDR3)

CYP3A4

¯ ¯ ­­­ ¯ ? ? ­­­ ¯ ¯

Inreased
inactivation of
1,25 (OH)2D

Haffner D et al, Nat Rev Nephrol 2019
Schnabel D, Haffner D. Monatsschrift Kinderheilkd 2005
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reported in 30–70% of patients with XLH3,48,56,87,96–99,118. 
Several reports suggest positive associations between 
daily oral phosphate doses and the risk of developing 
nephrocalcinosis, whereas the relationship with active 
vitamin D therapy and/or with the presence of hyper-
calciuria has been observed less frequently3,48,96,97,99,118,125. 
Hydrochlorothiazide decreases calciuria in XLH86, and 
potassium citrate might help prevent calcium precipi-
tation, especially in patients with low urinary citrate 
levels; however, alkalinization of urine increases the risk 
of phosphate precipitation. Therefore, potassium citrate 
should be used with caution in XLH.

Secondary hyperparathyroidism, which might ag-
gravate phosphaturia and promote bone resorption, 
results from the long- term stimulation of parathy-
roid cells by FGF23 and phosphate supplements and 
from the suppression of 1,25(OH)2 vitamin D levels by 
FGF23, especially in patients not treated with active 
vitamin  D62,64,86–88,104,126–128. Conversely, suppressed 
PTH levels secondary to excessive vitamin D ther-
apy and/or insufficient oral phosphate intake might 
decrease bone turnover and compromise rickets heal-
ing and growth. Thus, therapies should be adjusted to 
keep PTH levels within the normal range (10–65 pg/
ml in children and adults). In patients with XLH, 
adjuvant therapy with a calcimimetic (for example, 
cinacalcet) decreases serum levels of PTH and FGF23 
and increases TmP/GFR126,129,130. Therefore, if PTH 
levels do not normalize after optimizing active vita-
min D (dose increase) and phosphate treatment (dose 
reduction), cinacalcet might be considered together 
with close monitoring130. However, cinacalcet is not 

licensed for this indication and has been associated 
with severe adverse effects — namely, hypocalcaemia 
and increased QT interval131. To date, no evidence 
suggests that burosumab can revert persistent hyper-
parathyroidism. Therefore, parathyroidectomy should 
be considered in patients with tertiary hypercalcaemic 
hyperparathyroidism.

Burosumab in children with XLH
In February 2018, the European Medicines Agency 
(EMA) granted a conditional marketing authorization 
in the European Union for burosumab for the treat-
ment of XLH with radiographic evidence of bone dis-
ease in children ≥1 year of age and in adolescents with 
a growing skeleton23. In April 2018, the US Food and 
Drug Administration (FDA) granted approval of buro-
sumab to treat adults and children ≥1 year with XLH24. 
These decisions were based on the results of trials test-
ing burosumab in children with severe XLH and in 
adults with skeletal pain associated with XLH and/or 
osteomalacia. Serum levels of phosphate, TmP/GFR, the 
severity of rachitic lesions in children (based on radio-
graphy images) and osteomalacia in adults (based on 
radiography images and bone histomorphometry) were 
chosen as primary end points. In children, the dose of 
burosumab was initially titrated against serum levels  
of phosphate, targeting empirical levels ranging from 
1.1 to 1.6 mmol/l, whereas adult patients received a fixed 
weight- related dose19,22.

Currently only the data submitted to the regulatory 
agencies and published in peer review journals are 
available19,132,133. Burosumab is an expensive drug, and 
data on cost- effectiveness and long- term outcome are 
pending134,135. Thus, conclusive recommendations on 
the use of burosumab are premature. However, given the 
severity of the disease in some patients and the encour-
aging results that have prompted the EMA and FDA to 
grant authorization, preliminary recommendations are 
provided (BOX 4).

Two open- label uncontrolled trials testing buro-
sumab in a total of 65 children aged 1–12 years with 
severe XLH demonstrated that in the short term 
(12–16 months), burosumab resulted in the following 
outcomes19,132,133: a statistically significant increase in 
TmP/GFR and consequently raised serum phosphate 
levels into the lower end of the age- related normal 
range, with increased 1,25(OH)2 vitamin D levels; 
a significant reduction in the severity of rickets (as 
measured by the Rickets Severity Score (RSS) and the 
Radiographic Global Impression of Change (RGI- C)); 
a significant improvement in physical ability (as meas-
ured by walking distance in the 6MWT); and a signifi-
cant reduction in patient- reported pain and functional 
disability (as measured by the use of the Pediatric 
Orthopedic Society of North America Outcomes Data 
Collection Instrument).

The most common adverse reactions observed with 
burosumab were injection- site reactions, headache 
and pain in the extremities. Two weekly doses were 
superior to four weekly doses with respect to normal-
ization of serum levels of phosphate and radiological 
improvement of rickets. Conventional treatment should 

Low serum levels of phosphate

Measure serum levels of PTH

Normal or low High

High

Normal or low High

Measure urine levels of phosphate

Low

• Abnormalities in 
vitamin D metabolism

• Calcium deficiency
• Primary 

hyperparathyroidism

• Insufficient 
phosphate intake

• Decrease in 
gastrointestinal 
absorption of phosphate

• Internal redistribution
• Enhanced extra-renal 

removal of phosphate 
from the body

Measure serum levels of FGF23

• Hereditary 
hypophosphataemic 
rickets with 
hypercalciuria

• Fanconi syndrome

• Hereditary hypophosphataemic
rickets (including XLH)

• Acquired forms of 
hypophosphataemic rickets
due to high levels of FGF23

Fig. 3 | Algorithm for the evaluation of a child with rickets presenting with 
hypophosphataemia. The differential diagnoses are based on the mechanisms leading 
to hypophosphataemia — namely , high parathyroid hormone (PTH) activity , inadequate 
phosphate absorption from the gut or renal phosphate wasting. The latter may be due 
to either primary tubular defects or high levels of circulating fibroblast growth factor  
23 (FGF23). Further details of individual entities can be found in TABLE 2. XLH, X- linked 
hypophosphataemia. Adapted with permission from REF.57, Springer Nature Limited  
(this material is excluded from the CC- BY-4.0 license).
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Rickets with normal / low serum phosphorus



X-linked hypophosphatemia
• XLH is the most common cause of inherited 

phosphate wasting1

− Incidence: 3.9/100,000 live births
− Prevalence: 1.7–4.8/100,000 

• Characterised by renal phosphate wasting (resulting 
in hypophosphatemia) and reduction in 1,25(OH)2 

vitamin D synthesis1

• Key clinical characteristics include rickets, 
disproportionate short stature and osteo- and 
odontomalacia1

• Children usually present with clinical symptoms 
within the first two years of life, but diagnosis is 
often delayed due to the diversity of clinical 
manifestations and the rarity of the disease1

Pathophysiology of rickets in XLH2

Phosphate 
1,25(OH)2 vitamin D

↓ Serum 1,25(OH)2 vitamin D

↓ Phosphate transport
↓ 1α vitamin D hydroxylation

NaPi, sodium–phosphate co-transporter; Pi, phosphate

1. Haffner D et al. Nat Rev Nephrol 2019; 2. Emma F and Haffner D. Kidney Int 2018;94:846–848
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X- linked hypophosphataemia (XLH) is an X- linked 
dominant disorder caused by mutations in PHEX 
(located at Xp22.1), which encodes a cell- surface-bound 
protein- cleavage enzyme (phosphate- regulating neu-
tral endopeptidase PHEX), predominantly expressed 
in osteoblasts, osteocytes and teeth (odontoblasts and 
cementoblasts). XLH is the most common cause of 
inherited phosphate wasting, with an incidence of 3.9 
per 100,000 live births and a prevalence ranging from 
1.7 per 100,000 children to 4.8 per 100,000 persons (chil-
dren and adults)1–3. Although the pathogenesis of XLH is 
not fully understood, animal studies indicate that loss of 
Phex function results in enhanced secretion of the phos-
phaturic hormone fibroblast growth factor 23 (FGF23), 
with osteocytes being the primary source of FGF23 pro-
duction4. These effects explain most of the characteristic 
features of the disease, including renal phosphate wast-
ing with consequent hypophosphataemia, diminished 
synthesis of active vitamin D (1,25(OH)2 vitamin D), 

rickets, osteomalacia, odontomalacia and disproportionate 
short stature4–6. Patients usually develop clinical symp-
toms during the first or second year of life. Early treat-
ment with oral phosphate supplementation and active 
vitamin D heals rickets, limits dental abscess formation 
and prevents progressive growth failure, but in a sub-
stantial proportion of patients treatment is unsuccess-
ful and/or associated with adverse effects (for example, 
hyper parathyroidism and nephrocalcinosis)7,8. Up to 
two- thirds of children with XLH require lower limb sur-
gery9–12. Conventional therapy further stimulates FGF23 
levels and thereby renal phosphate wasting, resulting in 
a vicious circle, which might limit its efficacy6,13–15. Adult 
patients with XLH are at risk of complications such as 
early osteoarthritis, enthesopathies, spinal stenosis, 
pseudofractures and hearing loss, which might limit qual-
ity of life16–18. In 2018, burosumab, a fully human mono-
clonal IgG1 antibody neutralizing FGF23, was approved 
by health authorities for the treatment of patients with 
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of X- linked hypophosphataemia
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Justine Bacchetta9, Dirk Schnabel10, Philippe Wicart8,11,12, Detlef Bockenhauer  13, 
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Federico Di Rocco18, Catherine Chaussain6,7,8, Maria Louisa Brandi19, Lars Savendahl  20, 
Karine Briot8,12,21,22, Peter Kamenicky8,23,24, Lars Rejnmark  25 and Agnès Linglart8,24,26,27

Abstract | X- linked hypophosphataemia (XLH) is the most common cause of inherited phosphate 
wasting and is associated with severe complications such as rickets, lower limb deformities,  
pain, poor mineralization of the teeth and disproportionate short stature in children as well as 
hyperparathyroidism, osteomalacia, enthesopathies, osteoarthritis and pseudofractures in adults. 
The characteristics and severity of XLH vary between patients. Because of its rarity , the diagnosis 
and specific treatment of XLH are frequently delayed, which has a detrimental effect on patient 
outcomes. In this Evidence-Based Guideline, we recommend that the diagnosis of XLH is  
based on signs of rickets and/or osteomalacia in association with hypophosphataemia and renal 
phosphate wasting in the absence of vitamin D or calcium deficiency. Whenever possible, 
the diagnosis should be confirmed by molecular genetic analysis or measurement of levels  
of fibroblast growth factor 23 (FGF23) before treatment. Owing to the multisystemic nature of  
the disease, patients should be seen regularly by multidisciplinary teams organized by a 
metabolic bone disease expert. In this article, we summarize the current evidence and provide 
recommendations on features of the disease, including new treatment modalities, to improve 
knowledge and provide guidance for diagnosis and multidisciplinary care.

Osteomalacia
Mineralization defect of bone 
(soft bone) resulting in 
bone pain and deformations.

Odontomalacia
Mineralization defect of 
odontoblasts resulting in 
soft teeth.

*e- mail: Haffner.Dieter@ 
mh- hannover.de
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X- linked hypophosphataemia (XLH) is an X- linked 
dominant disorder caused by mutations in PHEX 
(located at Xp22.1), which encodes a cell- surface-bound 
protein- cleavage enzyme (phosphate- regulating neu-
tral endopeptidase PHEX), predominantly expressed 
in osteoblasts, osteocytes and teeth (odontoblasts and 
cementoblasts). XLH is the most common cause of 
inherited phosphate wasting, with an incidence of 3.9 
per 100,000 live births and a prevalence ranging from 
1.7 per 100,000 children to 4.8 per 100,000 persons (chil-
dren and adults)1–3. Although the pathogenesis of XLH is 
not fully understood, animal studies indicate that loss of 
Phex function results in enhanced secretion of the phos-
phaturic hormone fibroblast growth factor 23 (FGF23), 
with osteocytes being the primary source of FGF23 pro-
duction4. These effects explain most of the characteristic 
features of the disease, including renal phosphate wast-
ing with consequent hypophosphataemia, diminished 
synthesis of active vitamin D (1,25(OH)2 vitamin D), 

rickets, osteomalacia, odontomalacia and disproportionate 
short stature4–6. Patients usually develop clinical symp-
toms during the first or second year of life. Early treat-
ment with oral phosphate supplementation and active 
vitamin D heals rickets, limits dental abscess formation 
and prevents progressive growth failure, but in a sub-
stantial proportion of patients treatment is unsuccess-
ful and/or associated with adverse effects (for example, 
hyper parathyroidism and nephrocalcinosis)7,8. Up to 
two- thirds of children with XLH require lower limb sur-
gery9–12. Conventional therapy further stimulates FGF23 
levels and thereby renal phosphate wasting, resulting in 
a vicious circle, which might limit its efficacy6,13–15. Adult 
patients with XLH are at risk of complications such as 
early osteoarthritis, enthesopathies, spinal stenosis, 
pseudofractures and hearing loss, which might limit qual-
ity of life16–18. In 2018, burosumab, a fully human mono-
clonal IgG1 antibody neutralizing FGF23, was approved 
by health authorities for the treatment of patients with 
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The characteristics and severity of XLH vary between patients. Because of its rarity , the diagnosis 
and specific treatment of XLH are frequently delayed, which has a detrimental effect on patient 
outcomes. In this Evidence-Based Guideline, we recommend that the diagnosis of XLH is  
based on signs of rickets and/or osteomalacia in association with hypophosphataemia and renal 
phosphate wasting in the absence of vitamin D or calcium deficiency. Whenever possible, 
the diagnosis should be confirmed by molecular genetic analysis or measurement of levels  
of fibroblast growth factor 23 (FGF23) before treatment. Owing to the multisystemic nature of  
the disease, patients should be seen regularly by multidisciplinary teams organized by a 
metabolic bone disease expert. In this article, we summarize the current evidence and provide 
recommendations on features of the disease, including new treatment modalities, to improve 
knowledge and provide guidance for diagnosis and multidisciplinary care.

Osteomalacia
Mineralization defect of bone 
(soft bone) resulting in 
bone pain and deformations.

Odontomalacia
Mineralization defect of 
odontoblasts resulting in 
soft teeth.

*e- mail: Haffner.Dieter@ 
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Methodology: AAP grading system (2/2)

1. American Academy of Pediatrics. Paediatrics 2004;114:874–877; 2. Haffner D et al. Nat Rev Nephrol 2019 

A
Strong

Aggregate evidence quality Benefit or harm predominates Benefit and harm balanced
Level A
Intervention: well-designed and conducted trials, 
meta-analyses on applicable populations
Diagnosis: independent gold standard studies of 
applicable populations

Strong recommendation

Weak recommendationLevel B
Trials or diagnostic studies with minor limitations; 
consistent findings from multiple observational studies

Moderate recommendation

Level C
Single or few observational studies or multiple studies 
with inconsistent findings or major limitations Weak recommendation

Level D
Expert opinion, case reports, reasoning from first 
principles

(based on low-quality evidence)
No recommendation may be 
made

Level X
Exceptional situations where validating studies cannot 
be performed and benefit or harm clearly predominates

Strong recommendation

Moderate recommendation

AAP, American Academy of Pediatrics.

D
Weak

A
Strong

B
Moderate

C
Moderate

C 
Weak

B
Weak

C 
Weak



Diagnosis: children and adults

Ch
ild

re
n

A diagnosis of XLH should be considered in the presence of:

• Clinical and/or radiological signs of rickets

• Impaired growth velocity

• Serum phosphate levels below age-related reference range associated with renal 

phosphate wasting, in the absence of vitamin D or calcium deficiency

Ad
ul

ts

A diagnosis of XLH should be considered in the presence of:

• Lower limb deformities (or history of)

• Osteomalacia (clinical and/or radiological signs) 

- Including pseudofractures, early osteoarthritis and/or enthesopathy

In the context of serum phosphate levels below age-related reference range

and renal phosphate wasting

B
Moderate

B
Moderate

Haffner D et al. Nat Rev Nephrol 2019 



Clinical and molecular diagnosis: all patients 
with XLH (1/5)

Diagnosis of XLH is based on the association of clinical, radiological and 
biochemical assessments

Clinical evaluation:
• Evidence of rickets or growth failure
• Evidence of dental abnormalities
• Signs of craniosynostosis/intracranial hypertension

Recommended initial diagnostic work-up

B
Moderate

• Orthopaedic assessment of the musculo-skeletal system 
should be performed in the presence of lower limb 
deformity (varum or valgus or antero-posterior)

C
Moderate

Haffner D et al. Nat Rev Nephrol 2019



Clinical and molecular diagnosis: all patients 
with XLH (2/5)

Radiological evaluation:
• Diagnose and grade rickets and 

osteomalacic lesions

B
Moderate

Diagnosis of XLH is based on the association of clinical, radiological and 
biochemical assessments

Recommended initial diagnostic work-up

Haffner D et al. Nat Rev Nephrol 2019 



Clinical and molecular diagnosis: all patients 
with XLH (3/5)

• Serum levels of Pi, Ca, ALP, PTH, 25(OH) vitamin D, 1,25(OH)2 vitamin D, creatinine
• Urinary Ca, Pi and creatinine (spot urine)

=> Calculation of: 
• Renal phosphate threshold concentration (TmP/GFR)
• Urinary calcium/creatinine ratio

B
Moderate

Recommended initial diagnostic work-up

• Exclude non-selective renal tubular phosphate wasting (suggesting renal Fanconi syndrome) by looking for 
abnormal serum bicarbonate, amino acid, glucose and/or uric acid losses in urines, and low molecular weight 
proteinuria

B
Moderate

Biochemical tests:

Diagnosis of XLH is based on the association of clinical, radiological and 
biochemical assessments

ALP, alkaline phosphatase; Ca, calcium; Pi, phosphate; TmP/GFR, tubular reabsorption of phosphate per glomerular filtration rate.

Haffner D et al. Nat Rev Nephrol 2019 



Biochemical features of XLH (children and adults) 
(4/5) 

Typical biochemical features of XLH

Serum phosphorus ↓

ALP ↑

TmP/GFR ↓

Serum calcium concentration Lower normal range

Urinary calcium Low*

PTH Upper limit of normal range or slightly elevated 

1,25(OH)2 vitamin D Low or inappropriately normal in the setting of 
hypophosphatemia

Intact FGF23 (untreated patients) ↑†

*Due to impaired 1,25(OH)2 vitamin D synthesis and decreased intestinal calcium absorption; †Normal levels of FGF23 do not exclude a diagnosis of XLH;
ALP, alkaline phosphatase; TmP/GFR, tubular reabsorption of phosphate per glomerular filtration rate; PTH, parathyroid hormone. Haffner D et al. Nat Rev Nephrol 2019 

Haffner D et al. Nat Rev Nephrol 2019 



correlated with cIMT [16, 18, 19], LVM [16] and CAC
[18]. Importantly, when intact vessels from children with
CKD were examined, calcium-phosphate (hydroxyapatite)
crystal deposition was found even in predialysis CKD, and
the vessel calcium load correlated closely with the time-
averaged serum Ca-PO4 product [8].

What phosphate level should we aim for?

There is an association between phosphate levels and
coronary artery calcification in young adults without kidney
disease [20], so it is not surprising that in patients with
CKD as well, phosphate levels within the normal range are
associated with a greater prevalence of vascular and
valvular calcification [7]. There are, however, no clinical
trials addressing the issue of plasma phosphate levels and
mortality rate, although one interesting study has demon-
strated that the use of any type of phosphate binder, even
with phosphate levels in the normal range and therefore
below levels currently recommended for phosphate binder
use, is associated with decreased mortality rate in patients
on hemodialysis [21]. The authors speculate that this may
be due to decreased FGF-23 stimulation.

So what phosphate level should we aim for in children
with CKD? It has to be remembered that plasma phosphate
varies throughout childhood, falling steeply from birth until
the age of 1−2 years and then continuing to fall more
slowly until the age of 7 years (Fig. 2). The optimum target
is not clear, but a plasma phosphate level that is persistently
at the upper limit of normal implies that there are times
when it is above normal. It makes sense, therefore, to try to
keep the plasma phosphate around the 50th centile.

Control of plasma phosphate is very difficult to achieve,
as dietary manipulation is difficult, and phosphate binders
are the most unpopular of medications, associated with
huge compliance issues because of the number of tablets
required, frequency of administration, monotonous need to
be chewed and taken with meals and size and palatability.
Dialysis is rarely adequate to clear phosphate without the
use of phosphate binders.

Dietary control of phosphate

A normal diet contains around 800–1,500 mg of phosphate,
of which 50–70% is absorbed, depending on serum
phosphate and vitamin D levels. In the first instance, in
early CKD, dietary restriction may be sufficient to control
plasma phosphate levels. Dietary phosphate is principally in
protein-containing foods, and dairy products in particular.
Processed foods contain phosphate in significant quantities,
as it is a component of moisture and flavour enhancers.

Table 1 shows a suggested weight-related daily dietary
phosphate intake for children with CKD [22]. Because
restriction of dietary phosphate has its principal effects after
meals, there may be no change in the morning plasma
phosphate levels, so plasma values obtained in the
afternoon are more useful in monitoring the effect of
phosphate restriction or phosphate binders. The problem
with dietary intervention is that foods high in phosphate are
also usually high in calcium and vitamin D, so that
nutritional 25-hydroxyvitamin D [25(OH)D] and calcium
deficiency is common in patients with CKD.

The need for phosphate binders

In early CKD, a prescribed decrease in dietary phosphate
load reduces FGF-23 levels so that 1,25(OH)2D production
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Fig. 2 Phosphate centiles according to age. With permission from
[49]

Table 1 Weight-related suggested daily dietary phosphate intake for
children with chronic kidney disease (CKD)

Body weight (kg) Phosphate allowance (mg)

< 10 <400

10–20 <600

20–40 <800

>40 <1,000

Pediatr Nephrol (2010) 25:385–394 387

Holliday, Textbook: Pediatric Nephrology 1998

Age dependent normal range for serum phosphorus levels



Walton & Bijvoet. Lancet 1975;2:309–310          Brodehl et al., Ped Nephrol 1988;2:183-189
Starck et al, Nephron 1986;44:125-128

Calculation of TmP/GFR

Brodehl formula

TmP/GFR = SP- (UP / UCr) x SCr

Normal range:
0 mo. - 12 mo 1.1 - 2.0 mmol/l
1 yr.- 5 yrs. 1.0 - 1.8 mmol/l
6 yrs. – 12 yrs. 0.97 - 1.64 mmol/l
13 yrs. – 15 yrs. 0.91 - 1.68 mmol/l 
> 15 yrs. & adults 0.84 - 1.23 mmol/l
Use 2nd morning urine sample

Take blood sample at the same time

Online calculator available at:
https://gpn.de/service/tmp-gfr-calculator/



Clinical and molecular diagnosis: all patients 
with XLH (5/5)

We recommend confirming the clinical diagnosis of XLH by genetic 
analysis of the PHEX gene in children and adults if feasible

• Negative test result: consider other causes of hypophosphatemia 

• If genetic analysis is not available, the presence of elevated plasma
intact FGF23 concentrations and/or a positive family history for XLH 
support the diagnosis

B
Moderate

B
Moderate

C
Moderate

Haffner D et al. Nat Rev Nephrol 2019 



by increasing urinary phosphate excretion and reducing
1,25(OH)2D3 production; diminished 1,25(OH)2D3 levels
lead to hypocalcemia and thus to an increase in PTH levels,
which further enhances renal phosphate excretion.11 The
importance of FGF-23 in mediating these effects is shown by
the effects of anti-FGF-23 antibodies in rats with experi-
mental CKD.11 Animals with early CKD that were treated
with anti-FGF-23 antibodies showed an increase in
1,25(OH)2D3 levels, a normalization of serum calcium levels,
and a decrease in PTH levels. Furthermore, fractional
phosphate excretion decreased because of inactivation of
FGF-23 resulting in hyperphosphatemia.

As CKD progresses, elevated FGF-23 levels are no longer
able to enhance urinary phosphate excretion, thus leading to
the development of hyperphosphatemia. This may be partly
related to declining Klotho expression and a reduction in
functional nephrons. When patients require treatment by
dialysis, the levels of immunoreactive FGF-23 can be
markedly elevated (Figure 1).20 However, unlike the appear-
ance of large amounts of C-terminal PTH fragments, most of
which are biologically inactive, practically all of the circulat-
ing FGF-23 present in patients with ESRD is intact and
biologically active. This conclusion is based on observations
with a reporter-cell assay (human embryonic kidney cells
expressing Klotho and a luciferase reporter expressed under
the control of the EGR-1 promoter) designed to quantify
biologically active FGF-23, which demonstrated excellent
correlation with immunoreactive measurement of FGF-23.
The immunometric assays used for these measurements
quantify the intact FGF-23 molecule alone (Kainos assay)
or the intact protein along with a C-terminal fragment
(Immutopics assay).21,22 Consistent with the excellent correla-
tion between bioactive and immunoreactive FGF23, Western
blot analyses of plasma FGF-23 from dialysis patients showed
that most of the circulating FGF-23 is intact.21 Thus, with
CKD progression, the excess of biologically active FGF-23,
which is thought to occur in response to hyperphosphatemia,
ceases to be protective and may lead to pathological off-target
effects that potentially contribute to the increase in mortality
as FGF-23 increases in patients with ESRD23,24 (Figure 2).

Interventions that lower serum phosphate, such as oral
phosphate binders to prevent intestinal absorption or

possibly long-acting PTH analogs that reduce NPT2a or
NPT2c expression, may help prevent CKD-related FGF-23
increases (Figure 3). For example, two recently reported,
long-acting PTH analogs (M-PTH(1-28) and Trp1-M-
PTH(1-28)) were found to efficiently reduce NPT2a expres-
sion in proximal tubules, leading to sustained hypopho-
sphatemia in wild-type mice.25 Targeting the proximal
tubules with long-acting PTH agents in early CKD may
add to the effects of phosphate binders in normalizing serum
phosphate levels and may help avoid an increase in FGF-23,
unless PTH has a role in the synthesis and/or secretion of

Spectrum of FGF-23 levels
500

Normal
XLH/ADHR/ARHP

TIO
Early kidney disease

ESRD

1000 10,000 100,0001000

Figure 1 | Spectrum of serum fibroblast growth factor (FGF)-23
levels in early chronic kidney disease and end-stage renal
disease (ESRD) as compared with the normal condition and
with different disorders affecting FGF-23. ADHR, autosomal
dominant hypophosphatemic rickets; ARHP, autosomal recessive
hypophosphatemia; TIO, tumor-induced osteomalacia; XLH, X-linked
hypophosphatemia. Adapted with permission from Isakova et al.20
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Figure 2 | Mortality in patients with end-stage renal disease
(ESRD) receiving hemodialysis in relationship to quartiles of
serum fibroblast growth factor (FGF)-23 concentration at
initiation of dialysis. R, reference. Reproduced with permission
from Gutiérrez et al.23 Copyright The Massachusetts Medical
Society.

High phosphate

“Off-target”
effects

High FGF23 Low 1,25(OH)2D3

High

Bone disease

PTH

Figure 3 | ‘Trade-off hypothesis’ revisited. Involvement of
fibroblast growth factor (FGF)-23 in end-stage renal disease
(ESRD) pathology, reflecting potentially adverse effects of
increased secretion of this phosphaturic hormone, which helps
normalize phosphate homeostasis but contributes to the
development of secondary hyperparathyroidism. PTH, parathyroid
hormone.

S26 Kidney International (2011) 79 (Suppl 121), S24–S27

r e v i e w H Jüppner: Phosphate and FGF-23

States of elevated FGF23 levels
& it‘s diagnostic value

Jüppner H. Kidney Int 2011

• FGF23 levels are influenced by
phosphate intake & vitamin D therapy

• Average intact FGF23 levels in
untreated pediatric XLH patients:
84.5 � 27.4 pg/ml
(lowest, 38 pg/ml)

• Proposed cut-off level to diagnose
XLH: 30 pg/ml (Kainos assay)

Endo I et al. Endocr J. 2015;62(9):811-6



reported in 30–70% of patients with XLH3,48,56,87,96–99,118. 
Several reports suggest positive associations between 
daily oral phosphate doses and the risk of developing 
nephrocalcinosis, whereas the relationship with active 
vitamin D therapy and/or with the presence of hyper-
calciuria has been observed less frequently3,48,96,97,99,118,125. 
Hydrochlorothiazide decreases calciuria in XLH86, and 
potassium citrate might help prevent calcium precipi-
tation, especially in patients with low urinary citrate 
levels; however, alkalinization of urine increases the risk 
of phosphate precipitation. Therefore, potassium citrate 
should be used with caution in XLH.

Secondary hyperparathyroidism, which might ag-
gravate phosphaturia and promote bone resorption, 
results from the long- term stimulation of parathy-
roid cells by FGF23 and phosphate supplements and 
from the suppression of 1,25(OH)2 vitamin D levels by 
FGF23, especially in patients not treated with active 
vitamin  D62,64,86–88,104,126–128. Conversely, suppressed 
PTH levels secondary to excessive vitamin D ther-
apy and/or insufficient oral phosphate intake might 
decrease bone turnover and compromise rickets heal-
ing and growth. Thus, therapies should be adjusted to 
keep PTH levels within the normal range (10–65 pg/
ml in children and adults). In patients with XLH, 
adjuvant therapy with a calcimimetic (for example, 
cinacalcet) decreases serum levels of PTH and FGF23 
and increases TmP/GFR126,129,130. Therefore, if PTH 
levels do not normalize after optimizing active vita-
min D (dose increase) and phosphate treatment (dose 
reduction), cinacalcet might be considered together 
with close monitoring130. However, cinacalcet is not 

licensed for this indication and has been associated 
with severe adverse effects — namely, hypocalcaemia 
and increased QT interval131. To date, no evidence 
suggests that burosumab can revert persistent hyper-
parathyroidism. Therefore, parathyroidectomy should 
be considered in patients with tertiary hypercalcaemic 
hyperparathyroidism.

Burosumab in children with XLH
In February 2018, the European Medicines Agency 
(EMA) granted a conditional marketing authorization 
in the European Union for burosumab for the treat-
ment of XLH with radiographic evidence of bone dis-
ease in children ≥1 year of age and in adolescents with 
a growing skeleton23. In April 2018, the US Food and 
Drug Administration (FDA) granted approval of buro-
sumab to treat adults and children ≥1 year with XLH24. 
These decisions were based on the results of trials test-
ing burosumab in children with severe XLH and in 
adults with skeletal pain associated with XLH and/or 
osteomalacia. Serum levels of phosphate, TmP/GFR, the 
severity of rachitic lesions in children (based on radio-
graphy images) and osteomalacia in adults (based on 
radiography images and bone histomorphometry) were 
chosen as primary end points. In children, the dose of 
burosumab was initially titrated against serum levels  
of phosphate, targeting empirical levels ranging from 
1.1 to 1.6 mmol/l, whereas adult patients received a fixed 
weight- related dose19,22.

Currently only the data submitted to the regulatory 
agencies and published in peer review journals are 
available19,132,133. Burosumab is an expensive drug, and 
data on cost- effectiveness and long- term outcome are 
pending134,135. Thus, conclusive recommendations on 
the use of burosumab are premature. However, given the 
severity of the disease in some patients and the encour-
aging results that have prompted the EMA and FDA to 
grant authorization, preliminary recommendations are 
provided (BOX 4).

Two open- label uncontrolled trials testing buro-
sumab in a total of 65 children aged 1–12 years with 
severe XLH demonstrated that in the short term 
(12–16 months), burosumab resulted in the following 
outcomes19,132,133: a statistically significant increase in 
TmP/GFR and consequently raised serum phosphate 
levels into the lower end of the age- related normal 
range, with increased 1,25(OH)2 vitamin D levels; 
a significant reduction in the severity of rickets (as 
measured by the Rickets Severity Score (RSS) and the 
Radiographic Global Impression of Change (RGI- C)); 
a significant improvement in physical ability (as meas-
ured by walking distance in the 6MWT); and a signifi-
cant reduction in patient- reported pain and functional 
disability (as measured by the use of the Pediatric 
Orthopedic Society of North America Outcomes Data 
Collection Instrument).

The most common adverse reactions observed with 
burosumab were injection- site reactions, headache 
and pain in the extremities. Two weekly doses were 
superior to four weekly doses with respect to normal-
ization of serum levels of phosphate and radiological 
improvement of rickets. Conventional treatment should 

Low serum levels of phosphate

Measure serum levels of PTH

Normal or low High

High

Normal or low High

Measure urine levels of phosphate

Low

• Abnormalities in 
vitamin D metabolism

• Calcium deficiency
• Primary 

hyperparathyroidism

• Insufficient 
phosphate intake

• Decrease in 
gastrointestinal 
absorption of phosphate

• Internal redistribution
• Enhanced extra-renal 

removal of phosphate 
from the body

Measure serum levels of FGF23

• Hereditary 
hypophosphataemic 
rickets with 
hypercalciuria

• Fanconi syndrome

• Hereditary hypophosphataemic
rickets (including XLH)

• Acquired forms of 
hypophosphataemic rickets
due to high levels of FGF23

Fig. 3 | Algorithm for the evaluation of a child with rickets presenting with 
hypophosphataemia. The differential diagnoses are based on the mechanisms leading 
to hypophosphataemia — namely , high parathyroid hormone (PTH) activity , inadequate 
phosphate absorption from the gut or renal phosphate wasting. The latter may be due 
to either primary tubular defects or high levels of circulating fibroblast growth factor  
23 (FGF23). Further details of individual entities can be found in TABLE 2. XLH, X- linked 
hypophosphataemia. Adapted with permission from REF.57, Springer Nature Limited  
(this material is excluded from the CC- BY-4.0 license).
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Differential diagnoses (4/6)
Disorder (OMIM#) Gene/location Ca P ALP UCa UP TmP/GFR FGF23 PTH 25 (OH) 

vitamin D*
1,25 (OH)2 
vitamin D Pathogenesis

Rickets/osteomalacia with renal tubular phosphate wasting due to elevated FGF23 levels/signalling

XLH (OMIM#307800) PHEX/Xp22.1 N ¯ ­, ­­ ¯
­

¯ ­, N N, ­† N N‡

­ FGF23 expression in 
bone and impaired FGF23 
cleavage

ADHR (OMIM#193100) FGF23/12p13.3 N ¯ ­, ­­ ¯ ­ ¯ ­, N N, ­† N N‡ FGF23 protein resistant to 
degradation

ARHR1 (OMIM#241520) DMP1/4q22.1 N ¯ ­, ­­ ¯ ­ ¯ ­, N N, ­† N N‡ ­ FGF23 expression in 
bone

ARHR2 (OMIM#613312) ENPP1/6q23.2 N ¯ ­, ­­ ¯ ­ ¯ ­, N N, ­† N N‡ ­ FGF23 expression in 
bone

ARHR3 (OMIM#259775) FAM20C/7q22.3 N ¯ ­, ­­ ? ­ ¯ ­, N N, ­† N N‡ ­ FGF23 expression in 
bone

*Cave: prevalence of vitamin D deficiency was reported to be <50% in healthy children; †PTH may be moderately elevated; ‡decreased relative to the serum phosphate concentration; ¯ = decreased, 
­ = elevated; ­­ = very elevated
1,25(OH)2D, 1,25-dihydroxyvitamin; 25(OH)D, cholecalciferol; ADHR, autosomal dominant hypophosphatemic rickets; ARHR1, autosomal dominant hypophosphatemic rickets 1; ARHR2, autosomal 
recessive hypophosphatemic rickets 2; ARHR3, Raine syndrome associated; ALP, alkaline phosphatase; Ca, serum calcium; FD, fibrous dysplasia P, serum phosphate; PTH, parathyroid hormone; 
TmP/GFR, maximum rate of renal tubular reabsorption of phosphate normalised to the glomerular filtration rate; UCa, urinary calcium excretion; UP, urinary phosphate excretion

Haffner D et al. Nat Rev Nephrol 2019 



Differential diagnoses (5/6)
Disorder (OMIM#) Gene/location Ca P ALP UCa UP TmP/GFR FGF23 PTH

25 (OH) 
vitamin D*

1,25 (OH)2 

vitamin D
Pathogenesis

Rickets/osteomalacia with renal tubular phosphate wasting due to elevated FGF23 levels/signalling (continued)

Fibrous dysplasia 
(OMIM#174800)

GNAS/20q13.3 N, ¯ ¯ ­, ­­ ¯
­

¯ N, ­ N, ­† N N‡ ­ FGF23 expression in 
bone 

Tumour induced 
osteomalacia 

NA
N, ¯ ¯ ­, ­­ ¯

­
¯ N, ­ N, ­† N N‡ ­ FGF23 expression in 

tumour cells

Cutaneous skeletal
hypophosphatemia syndrome 
(SFM; OMIM#163200)

RAS/1p13.2 N, ¯ ¯ ­, ­­ ¯ ­ ¯ N, ­ N, ­† N N‡ ?

Osteoglophonic dysplasia 
(OMIM#166250)

FGFR1/8p11.23 N ¯ ­, N N ­ ¯ N N, ­† N N‡ ­ FGF23 expression in 
bone

Hypophosphatemic rickets 
and hyperparathyroidism
(OMIM#612089)

KLOTHO/13q13.1 N ¯ ­, ­­ ¯ ­ ¯ ­ ­­ N N‡ Unknown; translocation 
of the KLOTHO promoter

*Cave: prevalence of vitamin D deficiency was reported to be <50% in healthy children; †PTH may be moderately elevated; ‡Decreased relative to the serum phosphate concentration; ¯ = decreased, 
­ = elevated; ­­ = very elevated
1,25(OH)2D, 1,25-dihydroxyvitamin; 25(OH)D, cholecalciferol; ALP, alkaline phosphatase; Ca, serum calcium; P, serum phosphate; PTH, parathyroid hormone; SFM, cutaneous skeletal hypophosphatemia 
syndrome; TmP/GFR, maximum rate of renal tubular reabsorption of phosphate normalised to the glomerular filtration rate; UCa, urinary calcium excretion; UP, urinary phosphate excretion

Haffner D et al. Nat Rev Nephrol 2019 
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cluding the 22 patients reported in this study and the 9
patients previously reported (17) (Tables 1, A through D). For
familial cases, phenotypic information was collected from all
available affected family members. The total number of in-
dividuals for whom phenotypic information was collected,
including sporadic cases, was 84.

a) Correlation of phenotype with mutation type and location

For the families studied, analyses were carried out on a
family-as-a-unit basis (37). The familial and sporadic patients
in whom mutations were detected (31 patients) were ana-
lyzed together as a group. Separate analyses were also car-
ried out on the familial group (24 families) and the sporadic
group (7 individuals), with the aim of identifying trends
specifically associated with either of these groups (Table 2).

The first hypothesis tested was that patients with muta-
tions that lead to putative truncations of the PHEX protein
(nonsense mutations, deletions, insertions, and splice-site
mutations) may have a more severe phenotype than patients
with nontruncating mutations (missense mutations). The
second hypothesis tested was that patients with mutations
located at the 5! end of PHEX, up to amino acid residue 649
in exon 19, would have a more severe phenotype than pa-
tients with mutations located from residue 649 to the 3! end
of PHEX. As indicated in Fig. 1, the region 5! of position 649
includes the PHEX transmembrane domain and the 2 zinc-
binding motifs in exons 17 and 19 (position 642–649), which
are highly conserved in the neutral endopeptidase family
(18–21). The region 5! of position 649 includes 7 of the cys-
teine residues, which are also highly conserved in the neutral
endopeptidase family (18–21).

In the total group, no significant correlation was found,

using Fisher’s exact test (38), between the severity of disease
and either the type of mutation (truncating vs. nontruncat-
ing) (P values 0.112, 1.000) or the location of the mutation (5!
of zinc-binding motif 642–649 vs. 3! of residue 649) (P values
0.621, 1.000) (Table 2). However, the association between
more severe skeletal disease and truncating mutations was
close to the significance level for this relatively small sample
size (P " 0.112, see Subjects and Methods). When analyses
were carried out on the familial and sporadic groups sepa-
rately, a trend between truncating mutations and more se-
vere skeletal disease was identified in the familial group (P "
0.072).

Several anecdotal observations were made. The first was
that the two families with the nonsense mutations C746#
and R747# , which resulted in putative truncations of only 4
and 3 residues, respectively, from the 3! end of PHEX, ex-
hibited moderate to severe skeletal and dental phenotypes
(Table 1A).

The phenotypes of unrelated patients with the same mu-
tation were also compared. Two mutations each occurred in
two unrelated patients. The first was a donor splice-site mu-
tation at exon 13 in two sporadic cases, patients O21 and AC
(Table 1C). The phenotypes of these two individuals were
similar, with moderate to severe skeletal disease and mild
dental disease. The second mutation occurring in two unre-
lated patients was a missense mutation, P534L, in family AB
and in the sporadic case 123–03 (Table 1D). The individuals
with this missense mutation, unlike the individuals with the
splice site mutation, differed in the severity both of their
skeletal and dental disease.

Finally, it was noted that in some families the severity of
the skeletal disease varied between affected individuals of

FIG. 1. Diagram of the PHEX gene showing the mutations detected in this study in bold, and in the nine patients previously identified (17)
in italics, in patients with X-linked hypophosphatemic rickets. The hatched bar represents the 22 exons of the gene. The predicted trans-
membrane domain (TM), zinc-binding domains (Zn), and cysteine residues (C) are indicated. Mutations predicted to truncate the protein are
shown above the bar and missense mutations below the bar.
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Mutational Analysis and Genotype-Phenotype
Correlation of the PHEX Gene in X-Linked
Hypophosphatemic Rickets

INGRID A. HOLM*, ANNE E. NELSON*, BRUCE G. ROBINSON, REBECCA S. MASON,
DEBORAH J. MARSH, CHRISTOPHER T. COWELL, AND THOMAS O. CARPENTER

Division of Endocrinology, Department of Medicine (I.A.H.), Children’s Hospital, Boston, Massachusetts 02115; Cancer
Genetics Department (A.E.N., B.G.R., R.S.M., D.J.M.), Kolling Institute of Medical Research, Royal North Shore Hospital,
Sydney 2065, Australia; Department of Physiology and Institute for Biomedical Research (A.E.N., R.S.M.), University of
Sydney, Sydney 2006, Australia; Department of Medicine (B.G.R., D.J.M.), University of Sydney, Sydney 2006, Australia;
The New Children’s Hospital (C.T.C.), Westmead 2145, Australia; and Department of Pediatrics (Endocrinology) (T.O.C.),
Yale University School of Medicine, New Haven, Connecticut 06520-8064

PHEX is the gene defective in X-linked hypophosphatemic
rickets. In this study, analysis of PHEX revealed mutations in
22 hypophosphatemic rickets patients, including 16 of 28 pa-
tients in whom all 22 PHEX exons were studied. In 13 patients,
in whom no PHEX mutation had been previously detected in
17 exons, the remaining 5 PHEX exons were analyzed and
mutations found in 6 patients. Twenty different mutations
were identified, including 16 mutations predicted to truncate
PHEX and 4 missense mutations.

Phenotype analysis was performed on 31 hypophos-
phatemic rickets patients with PHEX mutations, including
the 22 patients identified in this study, 9 patients previously
identified, and affected family members. No correlation was

found between the severity of disease and the type or location
of the mutation. However, among patients with a family his-
tory of hypophosphatemic rickets, there was a trend toward
more severe skeletal disease in patients with truncating mu-
tations. Family members in more recent generations had a
milder phenotype. Postpubertal males had a more severe den-
tal phenotype. In conclusion, although identifying mutations
in PHEX may have limited prognostic value, genetic testing
may be useful for the early identification and treatment of
affected individuals. Furthermore, this study suggests that
other genes and environmental factors affect the severity of
hypophosphatemic rickets. (J Clin Endocrinol Metab 86:
3889–3899, 2001)

FAMILIAL HYPOPHOSPHATEMIC RICKETS (FHR)
represents a group of disorders characterized by a de-

fect in renal phosphate transport leading to phosphate wast-
ing and hypophosphatemia. FHR is also characterized by
abnormal regulation of vitamin D metabolism, resulting in
inappropriately normal 1,25-dihydroxyvitamin D concentra-
tions in the face of hypophosphatemia. The manifestations of
FHR include skeletal deformities, short stature, osteomala-
cia, dental abscesses, and bone pain.

X-linked hypophosphatemic rickets (HYP), inherited in a
dominant manner, is the most common form of FHR (1).
Autosomal dominant hypophosphatemic rickets (ADHR)
(2–6) and autosomal recessive hypophosphatemic rickets
have also been reported (7–11). Individuals with the features
of FHR but no family history of rickets (sporadic cases)
are also common, and many subsequently transmit the
phenotype in an X-linked dominant manner consistent with
HYP (12).

PHEX, located on Xp22.1, has been identified as the gene
defective in HYP (13). The predicted protein is homologous
to a family of neutral endopeptidases, including neprilysin
(NEP) (14), endothelin-converting enzyme-1 (ECE-1) (15),

and the Kell antigen (16). We previously demonstrated that
the 1916-bp partial PHEX cDNA initially identified (13) con-
sisted of 18 exons (17). We also showed conservation between
the genomic structures of PHEX, NEP, and ECE-1 (17). Like
NEP and ECE-1, PHEX contains a short N-terminal tail, a
single N-terminal hydrophobic region characteristic of a
transmembrane domain, and a highly conserved zinc-bind-
ing pentapeptide (HEFTH) motif at the 3! end in exon 17
(17–21). The full-length PHEX cDNA has since been cloned
(22, 23) and consists of a 2247-bp coding region spanning
22 exons (18). PHEX has a second zinc-binding motif
(ENIADNGG) in exon 19 that is highly conserved in the neutral
endopeptidase family (18–21). Additional conserved features
among PHEX and the neutral endopeptidases include several
conserved cysteine residues (18–21) and three highly con-
served amino acids (Glu 581, Asp 646, and His 710 in PHEX)
that in NEP are involved in its catalytic activity (18–20).

The function of PHEX, and the role of PHEX in renal
phosphate transport, has yet to be elucidated. In humans and
in mice, PHEX messenger RNA is expressed in osteoblasts
(21, 24), odontoblasts (24), ovary, and lung (22, 23, 25). Sig-
nificantly, no PHEX messenger RNA expression has been
detected in the kidney (22, 23, 25). There is in vitro evidence
supporting a cell membrane location for PHEX and evidence
that PHEX degrades parathyroid-derived peptides, suggesting
that PHEX does indeed function as an endopeptidase (26).

Mutation analyses performed by our group and others

Abbreviations: ADHR, Autosomal dominant hypophosphatemic
rickets; ARMS, amplification-refractory mutation system; ECE-1, endo-
thelin-converting enzyme-1; FHR, familial hypophosphatemic rickets;
HYP, X-linked hypophosphatemic rickets; NEP, neprilysin; SSCP, sin-
gle-strand conformation polymorphism.
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PHEX analysis in 118 pedigrees reveals new genetic clues 
in hypophosphatemic rickets
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Abstract Familial hypophosphatemic rickets is a rare dis-
ease, which is mostly transmitted as an X-linked dominant
trait, and mutations on the phosphate regulating gene with
homologies to endopeptidases on the X-chromosome
(PHEX) gene are responsible for the disease in most familial
cases. In this study we analyzed PHEX in a large cohort
of 118 pedigrees representing 56 familial cases and 62 spo-
radic cases. The high-resolution melting curves technique
was tested as a screening method, along with classical
sequencing. PHEX mutations have been found in 87% of
familial cases but also in 72% of sporadic cases. Missense
mutations were found in 16 probands, two of which being
associated with other PHEX mutations resulting into trun-
cated proteins. By plotting missense mutations described so
far on a 3D model of PHEX we observed that these muta-
tions focus on two regions located in the inner part of the
PHEX protein. Family members of 13 sporadic cases were
analyzed and a PHEX mutation was detected in one of the
apparently healthy mother. These results highlight the
major role of PHEX in X-linked dominant hypophospha-
temic rickets, and give new clues regarding the genetic

analysis of the disease. A screening of the diVerent family
members should be mandatory when a PHEX mutation is
assessed in a sporadic case and the search for another
PHEX mutation should be systematically proceed when
facing a missense mutation.

Introduction

Familial hypophosphatemic rickets was Wrst described by
Albright et al. (1937) as a vitamin D resistant rickets. Later
on, several forms of hypophosphatemic rickets have been
identiWed depending on their inheritance (autosomal or
X-linked, dominant or recessive), of which the most fre-
quent form is the X-linked dominant disease (Winters et al.
1958). In 1995 the PEX gene, latter renamed phosphate
regulating gene with homologies to endopeptidases on the
X-chromosome (PHEX), was identiWed (OMIM-300550) as
the main cause of the X-linked dominant hypophospha-
temic rickets (OMIM-307800) (HYP Consortium 1995).
Afterwards, FGF23 was identiWed as the cause of the
Autosomal Dominant Hypophosphatemic Rickets (ADHR
Consortium 2000) and DMP1 (Lorenz-Depiereux et al.
2006a, b) and SLC34A3 (Lorenz-Depiereux et al. 2006a, b)
as causes of recessive autosomal hypophosphatemic
rickets. Klotho gene may also be involved, as hypophos-
phatemic rickets has been observed in a child with a trans-
location causing an increase in !-Klotho levels (Brownstein
et al. 2008).

The phenotype of X-linked dominant hypophosphatemic
rickets, although variable in its expressivity, is characterized
by: rickets with bone deformities, short stature, dental
anomalies, and at the biological level, hypophosphatemia
with low renal phosphate reabsorption, normal serum cal-
cium level with hypocalciuria, normal or low serum level
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article (doi:10.1007/s00439-009-0631-z) contains supplementary 
material, which is available to authorized users.
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• XLH is caused by mutation in the
phosphate-regulating endopeptidase gene
(PHEX; OMIM-300550) with homologies to
Endopeptidase (HYP-consortium 1995)

• 22 exons, no „hot spots“
• PHEX mutations have been found in 

- 87% of familial cases
- 72% of sporadic cases

• No clear genotype-phenotype correlation
• Trend toward more severe skeletal disease

in patients with truncating mutations

https://www.omim.org/entry/300550


Follow-up: children with XLH
At least every 3 months during the phases of rapid growth (infancy and puberty) or after initiation of therapy

At least every 6 months in patients showing positive response to treatment and/or stable condition

• Height, weight, head circumference (<5 years), 
ICD and IMD, and BP

• In the presence of lower limb deformity, 
perform orthopaedic assessment

Recommended analyses

• Measure BMI and annual height velocity

• Record head shape, history of headaches, 
dental abscesses or maxillofacial cellulitis, bone 
pain, fatigue, physical function

• Search for hearing loss
• Monitor spine deformity and scoliosis, 

manifestations related to craniosynostosis, 
Chiari 1 malformation and/or cranial 
hypertension, and maxillary dysmorphosis

• Assess bone age to evaluate the growth 
potential >5 years of age in children with 
growth impairment

• Perform radiographs* of the left wrist and/or 
knees if patients:

– Do not respond well to therapy
– Worsen in their bone deformity under 

medical treatment
– Require orthopaedic surgery
– Complain of unexplained bone pain

• Or, adolescents with persistent lower limb 
deformities when they are transitioning to adult 
care

B
Moderate

C
Moderate

C
Moderate

C 
Weak

*Radiographs should be standardised anterior-posterior standing long leg radiographs (utilising low-dose EOS® when feasible) to assess limb deformities, joint 
alignment, and bone quality. BMI, body mass index; BP, blood pressure; ICD, intercondylar distance; IMD, intermalleolar distance

Haffner D et al. Nat Rev Nephrol 2019 



Clinical features of XLH: other symptoms and complications

Craniosynostosis
Chiari type I malformation
Syringomyelia, spinal stenosis
Impaired muscle function
Weight gain => CV comorbidity
Hearing loss, tinnitus, vertigo

Craniosynostosis Chiari malformation Syringomyelia Weight gain

hypophosphatemic rickets and craniosynostosis

J neurosurg Pediatr Volume 17 • June 2016 697

phosphate replacement was initiated. He was also noted 
to have papilledema and started on acetazolamide ther-
apy pending neurosurgical evaluation. A CT scan was 
then obtained that demonstrated sagittal craniosynostosis 
and scaphocephaly. Posterior CVR was performed at age 
2.5 years. The patient is stable at 1 year of follow-up with 
resolution of papilledema.

case 9
Patient 9 presented with scaphocephaly at 13 months of 

age and a diagnosis of XLH rickets. He was treated with 
calcitrol and oral phosphate replacement. The patient was 
treated with CVR at 16 months of age. His reconstruction 
remains stable at 4 years of follow-up, without evidence of 
increased ICP.

case 10
Patient 10 presented at 2 years of age with a dolichoce-

phalic head shape and antacid-induced hypophosphatemic 
rickets. Antacid therapy was prescribed to treat gastro-
esophageal reflux disease. CT imaging revealed pansutur-
al craniosynostosis. Anterior CVR was performed at age 
2. He re-presented at age 19 complaining of an obvious 
change in head shape over the last year. On examination, 
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Fig. 1. Case 1. Representative CT images of the head. Imaging reveals 
scaphocephaly with a fused sagittal suture. Posterior reduction in skull 
height is suggestive of fusion beginning posteriorly. Figure is available in 
color online only.

Fig. 2. Case 1. Pre- (a) and postoperative (b) photographs of the pa-
tient. Figure is available in color online only.

Endolymphatic hydrops
ELH has been associated with damage to the organ of
Corti and spiral ganglion neurons (SGNs) and is the
most well-studied mechanism of hearing loss in XLH
[226, 236]. The severity of ELH has also correlated with
the severity of hearing loss in Hyp-Duk mice [237].
ELH is caused by an inappropriate volume or compos-

ition of endolymph within the inner ear, and hearing loss
followed by neuronal loss and then hair cell loss is com-
monly observed in models of ELH [238, 239]. In the
Hyp-Duk model, ELH developed by P21 (21 days after
birth), SGN in the organ of Corti were lost by around
P90, and morphologically abnormal hair cells arose
much later (>P300) [239]. SGN loss in ELH progresses
from the apical to the basal cochlear turn and is at least
partially caused by apoptosis [77, 233, 239]. It is unclear
whether the relationship between ELH and SGN is
causative or correlative, although it has been suggested
that cell stress caused by elevated pressure associated
with hydrops may contribute to the observed apoptosis
[239]. The cause of ELH in XLH is also unclear [240].
With regards to the volume of endolymph, hearing

loss in the Hyp-Duk model of XLH does not consistently
correlate with increased endolymph space [77, 233], with
morphological abnormalities of the surrounding

temporal bone [77, 233], or with obstruction of the en-
dolymphatic duct [233]. Disruption of periductal chan-
nels embedded in the temporal bone is therefore a
candidate for contributing to ELH [230, 241], but has
not yet been studied in XLH.
Furthermore, although conventional therapy has been

observed to improve the bony structure surrounding the
ear and prevent osteoid deposition, the treatment did
not prevent ELH or hearing loss [230]. Unfortunately, in
this study mice were under-dosed with phosphate and
other symptoms were also unaffected, so a follow up
study would be required to test these findings [230].
The chemical composition of endolymph in XLH

could be altered by varied aural expression of ion chan-
nels [240] or through metabolic interactions with the
surrounding phosphate-deprived bone [230]. A
disrupted chemical composition could also be linked to
aural precipitates that have been observed in various
animal models of XLH [77, 242]. Characterising the
endolymphatic fluid and any precipitate in XLH patients
would shed light on this matter.

Inflammation and hearing loss
The reported formation of perilymphatic precipitate and
of inappropriate bone formation in the membranous

Fig. 9 Mechanisms of hearing loss in XLH. A schematic illustration of the structure of the ear is overlaid with the molecular pathways that may
connect FGF23 to hearing loss in XLH

Beck-Nielsen et al. Orphanet Journal of Rare Diseases           (2019) 14:58 Page 18 of 25

Impaired
muscle function

1. Haffner D et al. Nat Rev Nephrol 2019;15:435-456 
2. Beck-Nielsen SS et al. Orphanet J Rare Dis 2019;14(19):58



Follow-up in all patients with XLH: biochemical 
recommendations

• Blood: 
• Monitor ALP (total serum ALP in children and BAP in adults), calcium, phosphate, creatinine, PTH, 25(OH) vitamin D

• Urine:
• Calculate urinary calcium/creatinine ratio in patients receiving conventional or burosumab treatment

• Monitor fasting serum phosphate                                

together with TmP/GFR 

every 2 weeks during the first month, every 4 weeks for the following 2 months (and thereafter as appropriate)

In patients receiving burosumab treatment, it is also recommended to:

• Measure 1,25(OH)2 vitamin D serum levels every 6 months analysed together with 
the urinary calcium excretion as safety parameters

• Measure fasting serum phosphate 4 weeks after dose adjustment 
B

Moderate

B
Weak

B
Moderate

B
Weak

ALP, alkaline phosphatase; BAP, bone-specific alkaline phosphatase; PTH, parathyroid hormone; TmP/GFR, maximum rate of renal tubular reabsorption of phosphate 
normalised to the glomerular filtration rate

Haffner D et al. Nat Rev Nephrol 2019



Conventional treatment in children with XLH: 
recommendations (1/5)

We recommend treating children with overt XLH phenotype with a combination of 
oral phosphorous (phosphate salts) and active vitamin D (calcitriol or alfacalcidol)

as soon as diagnosis is established
B

Moderate

Haffner D et al. Nat Rev Nephrol 2019 



Conventional treatment in children with XLH: 
recommendations (2/5)

• Infants/pre-school children: Initial dose: 20–60 mg/kg/day of elemental phosphorous (0.7-2.0 mmol/kg)
(adjusted according to improvement of rickets, growth, ALP and PTH levels)

• Young patients with high ALP levels: frequent administration of phosphorous 
(4–6 times per day; lowered to 3–4 times per day when ALP has normalised) 

• Progressive increase in dose (but not >80 mg/kg/day) to prevent gastrointestinal discomfort and 
hyperparathyroidism. If present, adjust treatment by decreasing dose and/or increasing the frequency

C
Moderate

B
Moderate

C
Moderate

• Use lower dose in milder phenotypes (e.g. infants diagnosed by family screening) C
Moderate

Phosphorous

ALP, alkaline phosphatase; PTH, parathyroid hormone

Haffner D et al. Nat Rev Nephrol 2019 



Conventional treatment in children with XLH: 
recommendations (3/5)

• Initial dose of calcitriol: 20–30 ng/kg/day 
OR

• Initial dose of alfacalcidiol: 30–50 ng/kg/day
OR 

• Treatment can be started empirically at 0.5 μg/day of calcitriol or 1 μg of alfacalcidol
(age >12 months) and adjusted based on the clinical and biochemical responses

C
Moderate

• Vitamin D deficiency: Cholecalciferol or ergocalciferol supplements C 
Weak

Active vitamin D

Native vitamin D

Haffner D et al. Nat Rev Nephrol 2019 



Poll question 2



Burosumab treatment in children with XLH:
recommendations (1/2)

They have radiographic evidence of overt bone disease

If available, we recommend considering burosumab treatment in XLH children aged 1 year or older,
and in adolescents with growing skeletons if:

Or if they experience complications related to conventional therapy

Or if they are unable to adhere to conventional therapy,
presumed that adequate monitoring is feasible

B
Moderate

And they are refractory to conventional therapy

Haffner D et al. Nat Rev Nephrol 2019 



Burosumab treatment in children with XLH: 
recommendations (2/2)

Treatment administration
Starting dose • 0.4 mg/kg* every two weeks subcutaneously

Titration • 0.4 mg/kg increments to raise fasting serum phosphate levels to 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) 

• Burosumab should not be adjusted more frequently than every 4 weeks

Monitoring of 
serum phosphate

• Monitor fasting serum phosphate levels between injections:
- During titration period: ideally, 7–11 days after the last injection to detect hyperphosphatemia
- After achievement of a steady-state (which can be assumed after 3 months of a stable dose):

preferentially, directly before injections to detect underdosing

Other dose 
recommend-
dations

• Withhold dose if fasting serum phosphate level is above the upper range of normal
• Burosumab may be restarted at approximately half of the previous dose when serum phosphate concentration 

is below the normal range

Contra-indications Do not administer:
• Alongside conventional treatment
• When fasting phosphate levels are within the age-related normal reference range before treatment initiation
• Or in the presence of severe renal impairment 

B
Moderate

B
Weak

B
Moderate

Haffner D et al. Nat Rev Nephrol 2019 

*Updated EMA recommendation: 0.8 mg/kg every two weeks subcutaneously

The above information is based on EU SmPC. 
Please refer to your local full prescribing information before initiating treatment.



UX023-CL301: Improvement in Serum Phosphate

Serum Phosphate
Oral Phos./Vit. D

Mean (SD)
Burosumab
Mean (SD)

Baseline 2.30 (0.257) 2.42 (0.244)

Week 40* 2.53 (0.339) 3.30 (0.426)

Mean Post-Baselinesb,c 2.55 (0.291) 3.38 (0.374)

% time in normal rangec 6.16 (12.175) 68.97 (32.859)

*P < 0.0001 for change from baseline at Week 40; 
bP < 0.0001 for mean change postbaseline from baseline;
cBased on data collected at Week 1, 4, 8, 16, 24, 32 and 40, home visits where data only collected for Burosumab group was not included.

(1.034 mmol/l)

Nilsson O.: FC 10.1, 57zh ESPE Meeting, Athens, Greece, 27.-29. September 2018

Burosumab versus Conventional Treatment in Children with XLH

Imel EA et al. Lancet 2019; 393:2416-2427



UX023-CL301: Improvement in serum alkaline phosphatase

ALP Oral Phos./Vit. D
Mean (SD)

Burosumab
Mean (SD)

Baseline 523.44 (154.419) 510.76 (124.903)
Week 40* 488.69 (189.070) 380.76 (99.464)

aNormal range varies depending on sex & age, within males and females ages 1-15, the upper limit ranged from 
297 to 385 U/L

*P < 0.0001 for change from baseline at Week 40
Nilsson O.: FC 10.1, 57zh ESPE Meeting, Athens, Greece, 27.-29. September 2018

Burosumab versus Conventional Treatment in Children with XLH

Imel EA et al. Lancet 2019; 393:2416-2427



Score 1.0 Score 2.0

Rickets severity score (RSS) according to Thacher et al1

Knee x-ray2

1. Thacher T et al. J Trop Pediatr 2000;46:132 
2. Ultragenyx Pharmaceutical, Inc. UX023-CL201 Compilation of Radiographs for assessment of efficacy

Values 0–10: Wrist (0–4) + Knee (0–6)



UX023-CL301: RSS Total Assessed by Blinded Readers

Oral Phos./ Vit. D Burosumab

LS mean change ± SE -0.71 ± 0.138 -2.04 ± 0.145

Difference (95% CI)
Burosumab-Oral Phos./Vit. D -1.34 (-1.74, -0.94)

P-Valuea <0.0001

aANCOVA model includes treatment and baseline age stratification as factors and baseline RSS as a covariate
LS = least square mean (mean estimate from a linear model being less sensitive for missing data) 
Nilsson O.: FC10.1 , 57th ESPE Meeting, Athens, Greece, 27-29. September 2018

Burosumab versus Conventional Treatment in Children with XLH

Imel EA et al. Lancet 2019; 393:2416-2427



Haffner D et al. Nat Rev Nephrol 2019 

Guideline will be updated in 2021/22

Current approach in 2021 in most European
Centers:
„First line treatment of children with XLH
(age > 12 mo.)
either with Burosumab or phosphate/vitamin D
depending on the availability“ 

X- linked hypophosphataemia (XLH) is an X- linked 
dominant disorder caused by mutations in PHEX 
(located at Xp22.1), which encodes a cell- surface-bound 
protein- cleavage enzyme (phosphate- regulating neu-
tral endopeptidase PHEX), predominantly expressed 
in osteoblasts, osteocytes and teeth (odontoblasts and 
cementoblasts). XLH is the most common cause of 
inherited phosphate wasting, with an incidence of 3.9 
per 100,000 live births and a prevalence ranging from 
1.7 per 100,000 children to 4.8 per 100,000 persons (chil-
dren and adults)1–3. Although the pathogenesis of XLH is 
not fully understood, animal studies indicate that loss of 
Phex function results in enhanced secretion of the phos-
phaturic hormone fibroblast growth factor 23 (FGF23), 
with osteocytes being the primary source of FGF23 pro-
duction4. These effects explain most of the characteristic 
features of the disease, including renal phosphate wast-
ing with consequent hypophosphataemia, diminished 
synthesis of active vitamin D (1,25(OH)2 vitamin D), 

rickets, osteomalacia, odontomalacia and disproportionate 
short stature4–6. Patients usually develop clinical symp-
toms during the first or second year of life. Early treat-
ment with oral phosphate supplementation and active 
vitamin D heals rickets, limits dental abscess formation 
and prevents progressive growth failure, but in a sub-
stantial proportion of patients treatment is unsuccess-
ful and/or associated with adverse effects (for example, 
hyper parathyroidism and nephrocalcinosis)7,8. Up to 
two- thirds of children with XLH require lower limb sur-
gery9–12. Conventional therapy further stimulates FGF23 
levels and thereby renal phosphate wasting, resulting in 
a vicious circle, which might limit its efficacy6,13–15. Adult 
patients with XLH are at risk of complications such as 
early osteoarthritis, enthesopathies, spinal stenosis, 
pseudofractures and hearing loss, which might limit qual-
ity of life16–18. In 2018, burosumab, a fully human mono-
clonal IgG1 antibody neutralizing FGF23, was approved 
by health authorities for the treatment of patients with 

E V I D E N C E - B A S E D  G U I D E L I N E

Clinical practice recommendations  
for the diagnosis and management  
of X- linked hypophosphataemia
Dieter Haffner  1,2*, Francesco Emma3, Deborah M. Eastwood4,5, Martin Biosse Duplan6,7,8, 
Justine Bacchetta9, Dirk Schnabel10, Philippe Wicart8,11,12, Detlef Bockenhauer  13, 
Fernando Santos14, Elena Levtchenko15, Pol Harvengt16, Martha Kirchhoff17, 
Federico Di Rocco18, Catherine Chaussain6,7,8, Maria Louisa Brandi19, Lars Savendahl  20, 
Karine Briot8,12,21,22, Peter Kamenicky8,23,24, Lars Rejnmark  25 and Agnès Linglart8,24,26,27

Abstract | X- linked hypophosphataemia (XLH) is the most common cause of inherited phosphate 
wasting and is associated with severe complications such as rickets, lower limb deformities,  
pain, poor mineralization of the teeth and disproportionate short stature in children as well as 
hyperparathyroidism, osteomalacia, enthesopathies, osteoarthritis and pseudofractures in adults. 
The characteristics and severity of XLH vary between patients. Because of its rarity , the diagnosis 
and specific treatment of XLH are frequently delayed, which has a detrimental effect on patient 
outcomes. In this Evidence-Based Guideline, we recommend that the diagnosis of XLH is  
based on signs of rickets and/or osteomalacia in association with hypophosphataemia and renal 
phosphate wasting in the absence of vitamin D or calcium deficiency. Whenever possible, 
the diagnosis should be confirmed by molecular genetic analysis or measurement of levels  
of fibroblast growth factor 23 (FGF23) before treatment. Owing to the multisystemic nature of  
the disease, patients should be seen regularly by multidisciplinary teams organized by a 
metabolic bone disease expert. In this article, we summarize the current evidence and provide 
recommendations on features of the disease, including new treatment modalities, to improve 
knowledge and provide guidance for diagnosis and multidisciplinary care.

Osteomalacia
Mineralization defect of bone 
(soft bone) resulting in 
bone pain and deformations.

Odontomalacia
Mineralization defect of 
odontoblasts resulting in 
soft teeth.

*e- mail: Haffner.Dieter@ 
mh- hannover.de

https://doi.org/10.1038/ 
s41581-019-0152-5
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XLH, PHEX gene mutation, female

• Age at diagnosis: 0.1 years (father - XLH) 

• Age at start of conventional treatment: 0.2 years

Case report



Age (years) 0.1 0.25 0.4 0.6 0.8 1.1
P (mmol/L) 1.31

(N 1,2-2,1)
1.30

(N 1,2-2,1)
1.07

(N 1,2-2,1)
1.02

(N 1,2-2,1)
1.11

(N 1,1-1,95)
1.01

(N 1,1-1,95)
AP (U/L) 169

(N 143-543)
348

(N 134-508)
468

(N 134-508)
429

(N 133-499)
373

(N 128-464)
375

(N 125-400)
PTH (ng/ml) (N 15-65) 25 34 31 37 71 40

TRP (N>85) 85% 83% 78%
TmP/GFR (mmol/l) 

(N>1.2)
1.0 1.0 0.8

UCa/crea (mol/mol) (N<1) 0.93 0.58 0.51 0.84 0.18 0.58

P (mg/kg/die) - 20 20 26 30 Stopped
1 alpha (microg) - 0.2 0.2 0.4 0.5 2 wk. before

Alter (Jahre) 1,13 1,25 1,40 1,60 1,75 2,0
P (mmol/L) 1,27

(N 1,1-1,95)
1,39

(N 1,1-1,95)
1,33

(N 1,1-1,95)
1,28

(N 1,1-1,95)
1,37

(N 1,1-1,95)
1,36

(N 1,1-1,95)
AP (U/L) 361

(N 124-433)
374

(N 123-425)
289

(N 123-418)
301

(N 121-404)
266

(N 120-392)
195

(N 117-349)
PTH (ng/ml) (N 15-65) 38 42 39 56 32 28

TRP (N > 85%) 93% 95% 95% 91% 99% 94%
TmP/GFR (mmol/l) 

(N>1,25)
1,25 1,29 1,28 1,27 1,30 1,31

UCa/Krea (mol/mol) (N<1) 0,24 0,30 0,10 0,23 0,19

1,25 Vit. D (pg/ml)
(N 47-151)

103 125 143

Burosumab (mg/kg) 0,4 0,65 0,62 0,85 0,91 1,02

12 Mo.

Case report

6 Mo.

6 Mo.

Tibia-
deformities
Pain



TmP/GFR (mmol/l) 
(N>1,25)

1,0 1,0 0,8

UCa/Krea (mol/mol) 
(N<1)

1,1 0,58 0,51 0,84 0,18 0,58

P (mg/kg/die) - 20 20 26 30 %
1 alpha (microg) - 0,2 0,2 0,2 0,5 %

Age (years) 1.13 1.25 1.40 1.60 1.75 2.0
P (mmol/L) 1,27

(N 1.1-1.95)
1.39

(N 1.1-1,95)
1.33

(N 1.1-1,95)
1.28

(N 1.1-1.95)
1.37

(N 1.1-1.95)
1.36

(N 1.1-1.95)
AP (U/L) 361

(N 124-433)
374

(N 123-425)
289

(N 123-418)
301

(N 121-404)
266

(N 120-392)
195

(N 117-349)
PTH (ng/ml) (N 15-65) 38 42 39 56 32 28

TRP (N > 85%) 93% 95% 95% 91% 99% 94%
TmP/GFR (mmol/l) 

(N>1.25)
1.25 1.29 1.28 1.27 1,30 1.31

UCa/Krea (mol/mol) 
(N<1)

0.24 0.30 0.10 0.23 0.19

1,25 Vit. D (pg/ml)
(N 47-151)

103 125 143

Burosumab (mg/kg) 0.4 0.65 0.62 0.85 0.91 1.02

Case report



Case report



Growth on burosumab treatment in XLH patients aged 1-4 years
Prior conventional treatment in 13/13 patients (mean duration 16 months)
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burosumab treatment and were included in the efficacy 
and safety analysis (figure 1). At the cutoff for data analysis 
(week 64), no participant had received treatment for more 
than 70 weeks. Baseline characteristics were typical of 
X-linked hypophosphataemia (table 1). All 13 patients had 
received conventional therapy for a mean duration of 16 
months (median 13 months [IQR 6–23]). All participants 
had fasting serum phosphorus concen trations below the 
normal range of 1·03–1·97 mmol/L (3·2–6·1 mg/dL), and 
12 (92%) of 13 patients had a total Thacher Rickets Severity 
Score of at least 1·5. Consistent with complications of 
X-linked hypophosphataemia, four (31%) patients had 
undergone at least one tooth extraction before enrolment 
and seven (54%) had a history of skull malformation 
(either frontal bossing or cranial shape anomaly).6,22–24

All patients started treatment with 0·8 mg/kg of 
subcutaneous burosumab once every 2 weeks. Based on 
their fasting serum phosphorus response, three patients 
had their burosumab dose increased to 1·2 mg/kg at 
weeks 22, 24, and 34, respectively; these doses were then 
maintained throughout the study. All patients received all 
prescribed doses until week 64. At the time when all 
patients were given the starting dose of 0·8 mg/kg 
burosumab, the mean total serum burosumab concen-
tration at week 4 was 7008 ng/mL (SD 2232). After several 
doses and a dose increase in three patients, total circulating 
burosumab concentrations achieved a steady-state 
concentration, with a mean of 14 237 ng/mL (SD 4043) at 
week 40, and 13 426 ng/mL (5215) at week 64.

All post-baseline mean concentrations of fasting serum 
phosphorus were within the normal range (figure 2A). 
At week 40, the mean fasting serum phosphorus 
concentration remained normal at 1·12 mmol/L (SD 0·158; 
3·47 mg/dL [0·485]), reflecting an increase in LS mean 
from baseline of 0·31 mmol/L (SE 0·04; 95% CI 
0·24–0·39; 0·96 mg/dL [SE 0·12]; p<0·0001). This 
correction was maintained up to week 64, with a LS mean 
increase of 0·29 mmol/L (SE 0·04; 0·89 mg/dL [SE 0·11]; 
p<0·0001). There were no occurrences of hyper phos-
phataemia.

Mean serum 1,25(OH)2D concentrations increased from 
108 pmol/L (SD 42; 45 pg/mL [SD 18]) at baseline to 
136 pmol/L (25; 57 pg/mL [10]) after week 40 of burosumab 
treatment, with a LS mean increase of 29 pmol/L (SE 7; 
12 pg/mL [SE 3]; p=0·0002; figure 2B). This modest 
increase, which stayed within the normal range, was 
maintained until week 64, with a LS mean increase of 
31 pmol/L (SE 5; 13 pg/mL [SE 2]; p<0·0001).

Serum alkaline phosphatase activity decreased from an 
elevated mean of 549 U/L (SD 194) at baseline to 
335 U/L (88; ie, within the normal range) after 40 weeks of 
burosumab treatment, with a LS mean decrease 
of –213 U/L (SE 14; p<0·0001; figure 2C). The improvement 
was sustained until week 64, with a LS mean change of 
–215 U/L (SE 13; p<0·0001).

The total Thacher Rickets Severity Score decreased from 
a baseline mean of 2·9 (SD 1·4) to 1·2 (0·5) after 40 weeks 

of burosumab treatment, reflecting a LS mean change of 
–1·7 (0·1; p<0·0001). This improvement was sustained at 
week 64, with a LS mean change from baseline of –2·0 
(0·1; p<0·0001; figure 3).

Consistent with the radiographic improvement in 
rickets observed using the Thacher Rickets Severity 
Score, the Radiographic Global Impression of Change 
score also indicated improvement, with a LS mean score 
of +2·3 (SE 0·1) at week 40 and +2·2 (0·1) at week 64 
(both p<0·0001; figure 3). Additionally, all patients 
achieved substantial healing (defined as a Radiographic 
Global Impression of Change Score ≥+2·0) by week 40. 

Figure 1: Trial profile

14 participants screened for eligibility

13 allocated to receive intervention

13 received burosumab (subcutaneously
      every 2 weeks)

13 included in 
      safety analyses

13 included in
      efficacy analyses

1 excluded (serum phosphorus concentration 
    did not meet inclusion criteria)

0 lost to follow-up
0 discontinued intervention

Value

Age, years 2·9 (1·2; 1·2–4·9)

Sex

Male 9 (69%)

Female 4 (31%)

Race

White 12 (92%)

African American 1 (8%)

Weight Z score –0·97 (1·16)

Height Z Score –1·4 (1·2)

Serum phosphorus, mmol/L 0·81 (0·09)

Serum 1,25(OH)2D, pmol/L 108 (42)

Serum 25(OH)D, nmol/L 83·32 (26·36)

Total Thacher Rickets Severity Score 2·9 (1·4; 1·0–6·5)

Conventional therapy

Received before enrolment 13 (100%)

Duration, months 16 (14; 1–40)

Age at initiation, months 20 (18; 1–54)

Data are mean (SD; range) or n (%). Reference ranges: serum phosphorus, 
1·03–1·97 mmol/L; 1,25(OH)2D, 72–287 pmol/L; and 25(OH)D, none reported.

Table 1: Baseline characteristics
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Figure 4: Individual changes for the nine boys treated with burosumab
Individual growth data for the nine boys in this study. To smoothly transition recumbent length data to standing height, the reference curves for recumbent length 
from the CDC and this study were reduced by 0·8 cm, as per CDC guidelines.21 CDC=US Centers for Disease Control and Prevention.
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concentrations were already high at screening (104 pg/mL) 
in the child who later had a possibly related adverse event 
of elevated parathyroid level at week 12 (99 pg/mL), and 
continued to decline throughout the study (43 pg/mL at 
week 40). All treatment-related adverse events were mild 
(grade 1). One child had a serious adverse event, a tooth 
abscess (right maxillary buccal and deciduous canine 
space abscess) that was considered unrelated to 
burosumab treatment, in the 35th week of treatment that 
resolved within 3 days with the use of antibiotics and tooth 
extraction. Before enrolment, this child (aged 4 years) had 
a history of tooth abscess and extraction, and had received 
conventional therapy for 17 months up until a month 
before baseline. This tooth abscess met the predefined 
criteria for serious adverse event because the patient was 
admitted to hospital for 1 day before the dental diagnosis 
was made. Six additional participants had an adverse 
event of tooth abscess, all of which were considered mild 
or moderate in severity. All other adverse events were 
mild-to-moderate in severity, except for one grade 3 food 
allergy that was considered severe, but not serious, and 
was unrelated to burosumab treatment. No child 
discontinued burosumab therapy or had clinically 
meaningful changes in vital signs, weight, or the metabolic 
chemistry panel, which included circulating calcium and 
parathyroid hormone concentrations. No antibodies to 
burosumab were detected at any post-baseline visits. 
Nephrocalcinosis, assessed using renal ultrasound, was 
not seen at baseline, week 40, or week 64 in any patient.

Discussion
This open-label, phase 2 trial shows that burosumab 
(beginning at 0·8 mg/kg) administered via subcutaneous 
injection every 2 weeks to 13 children (aged 1–4 years) with 
X-linked hypophosphataemia mitigated the effect of a key 
pathogenic factor, elevated concentrations of circulating 
FGF23. Inhibition of FGF23 with burosumab increased 
serum phosphorus and 1,25(OH)2D concentrations, 
decreased serum alkaline phosphatase activity, improved 
radiographic evidence of rickets severity, and prevented an 
early decline in growth.

At baseline, these young children had a substantial 
burden of disease from X-linked hypophosphataemia 
despite previous treatment with conventional therapy 
for a mean of 16 months, including fasting hypo-
phosphataemia and persisting rickets. During treatment 
with burosumab, fasting serum phosphorus concen-
trations increased to within the normal range and were 
sustained throughout the study. Changes in serum 
phosphorus corresponded to radiographic improvement 
in rachitic activity; within 40 weeks of burosumab 
treatment, all patients achieved substantial healing of 
rickets and had a positive lower limb deformity score, 
indicating improvement. These gains were sustained at 
week 64 and were consistent with improvements seen in 
children aged 5–12 years who were treated with 
burosumab in our previous phase 2 study.15

In addition to increasing fasting serum phosphorus 
in these young children with X-linked hypophos-
phataemia, burosumab increased serum 1,25(OH)2D. 
Consistent with previous clinical trials of burosumab, 
the mean increase in 1,25(OH)2D peaked after the 
first dose and stabilised slightly above baseline, 
suggesting that vitamin D metabolism is quickly 
improved with inhibition of FGF23 and adjusts to match 
the improvements in phosphate metabolism with 
continued treat ment.15,25 Notably, increases in circulating 
1,25(OH)2D did not cause concurrent changes in serum 
calcium, and the initial increase in 1,25(OH)2D occurred 
only after the first dose of burosumab across clinical 
studies in adults and children with X-linked hypo-
phosphataemia.15,25
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Figure 5: Individual changes for the four girls treated with burosumab
Individual growth data for the four girls in this study. To smoothly transition recumbent length data to standing 
height, the reference curves for recumbent length from the CDC and this study were reduced by 0·8 cm, as per CDC 
guidelines.21 CDC=US Centers for Disease Control and Prevention.

Whyte MP et al., Lancet Diabetes Endocrinol 2019;7:189-199

Mean height
• Baseline   -1.38 SDS (18th percentile)
• 40 weeks -1.65 SDS (13th percentile)
• 64 weeks -1.64 SDS (13th percentile)
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Burosumab in Children with X-Linked Hypophosphatemia

Characteristic

Burosumab 
Every 2 Weeks 

(N = 26)

Burosumab 
Every 4  Weeks 

(N = 26)
All Patients 

(N = 52)

Age — yr

Mean 8.7±1.7 8.3±2.0 8.5±1.9

Range 5–12 5–12 5–12

Male sex — no. (%) 12 (46) 12 (46) 24 (46)

White race — no. (%)† 23 (88) 23 (88) 46 (88)

Weight — kg 31.9±7.9 29.1±10.7 30.5±9.4

Standing height

z Score −1.7±1.0 −2.1±1.0 −1.9±1.00

Percentile for age and sex 11.1±13.8 6.2±8.2 8.7±11.5

Geographic region — no. (%)

United States 17 (65) 19 (73) 36 (69)

Europe 9 (35) 7 (27) 16 (31)

Previous conventional therapy for X-linked hypophos-
phatemia — no. (%)

24 (92) 26 (100) 50 (96)

Duration of conventional therapy — yr 7.0±2.1 6.7±2.6 6.9±2.4

Age when conventional therapy was initiated — yr 2.2±1.5 1.9±1.2 2.1±1.3

Renal tubular phosphate reabsorption — mg/dl‡§ 2.2±0.5 2.0 ±0.3 2.1±0.4

Serum phosphorus — mg/dl§ 2.4±0.4 2.3±0.3 2.3±0.4

Serum 1,25-dihydroxyvitamin D — pg/ml§ 41.3±22.0 41.4±15.3 41.3±18.7

Serum alkaline phosphatase — U/liter§ 462±110 456±101 459±105

Thacher rickets severity total score¶

Mean 1.9±1.2 1.7±1.0 1.8±1.1

Range 0–4.5 0–3.0 0–4.5

Positive for pathogenic PHEX mutation — no. (%)∥ 23 (88) 22 (85) 45 (87)

Nephrocalcinosis grade — no. (%)**

0 17 (65) 17 (65) 34 (65)

1 6 (23) 5 (19) 11 (21)

2 3 (12) 4 (15) 7 (13)

*  Plus–minus values are means ±SD. To convert the values for renal tubular phosphate reabsorption to millimoles per 
liter, multiply by 0.3229. To convert the values for serum phosphorus to millimoles per liter, multiply by 0.3229. To 
convert the values for serum 1,25-dihydroxyvitamin D to picomoles per liter, multiply by 2.6. Percentages may not 
sum to 100 because of rounding.

†  Race was determined by parent or caregiver report.
‡  Renal tubular phosphate reabsorption is expressed as the ratio of the maximum rate of tubular reabsorption of phos-

phate to the glomerular filtration rate.
§  Serum and urine samples for pharmacodynamic assessments were obtained during fasting.
¶  The baseline mean Thacher rickets severity total score (scores range from 0 [no rickets] to 10 [severe rickets]; scores 

between 0 and 5 are typically observed in children with the form of rickets assessed in this trial) for the 16 patients 
who enrolled after enrollment of the initial 36 patients was 2.63±0.72.

∥  One patient had a variant in PHEX that was considered to be probably pathogenic, and four patients had variants in 
PHEX of unknown significance. No mutation in PHEX was identified in two patients; however, the analysis of muta-
tions in PHEX cannot capture all possible mutations that alter PHEX activity. The seven patients who were not posi-
tive for pathogenic mutations in PHEX had a clinical diagnosis of X-linked hypophosphatemia and had a baseline se-
rum intact FGF-23 level of more than 30 pg per milliliter.

**  Values range from 0 (normal) to 4 (stone formation).

Table 1. Demographic and Baseline Clinical Characteristics.*
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Burosumab in Children with X-Linked Hypophosphatemia

Assessment

Burosumab 
Every 2 Weeks 

(N = 26)

Burosumab 
Every 4  Weeks 

(N = 26)
All Patients 

(N = 52)

Standing-height z score*

Baseline −1.72±1.03 −2.05±0.96 −1.89±1.00

Week 64 −1.54±1.13 −1.92±0.84 −1.73±1.00

Change from baseline 0.19±0.05 0.12±0.06 0.15±0.04

6-Minute walk test†

Baseline

Percentage of predicted distance 79.32±2.60 81.42±2.96 80.37±1.96

Distance (m) 479.9±16.6 486.4±21.3 483.1±13.4

Week 64

Percentage of predicted distance 85.00±2.03 84.74±2.67 84.87±1.66

Change from baseline in percentage of predicted 
distance — percentage points

5.69±2.02 3.32±1.96 4.50±1.41

Distance (m) 533.85±11.51 525.85±17.56 529.85±10.41

Change from baseline in distance (m) 52.67±8.82 40.59±9.57 46.63±6.48

Sports and physical functioning, normative score*‡

Baseline 34.6±15.7 32.2±19.3 33.4±17.4

Week 64 41.7±15.7 42.8±13.7 42.2±14.6

Change from baseline 7.7±2.6 9.8±2.5 8.8±1.8

Pain and comfort scale, normative score*‡

Baseline 35.2±15.3 34.8±16.8 35.0±15.9

Week 64 41.0±17.0 43.0±11.5 42.0±14.5

Change from baseline 5.6±2.9 7.7±2.1 6.7±1.8

Global functioning, normative score*‡

Baseline 37.5±14.0 35.6±17.2 36.6±15.5

Week 64 43.1±16.1 45.1±11.2 44.1±13.8

Change from baseline 6.0±2.7 8.7±2.0 7.4±1.7

*  Plus–minus values at baseline and at week 64 are means ±SD. Plus–minus values for the change from baseline are 
least-squares means ±SE.

†  Plus–minus values for the percentage of predicted distance and for distance are means ±SE. Plus–minus values for the 
change from baseline are least-squares means ±SE.

‡  This variable was assessed with the use of the Pediatric Orthopedic Society of North America Pediatric Outcomes Data 
Collection Instrument. The mean (±SD) population normative score is 50±10; higher scores indicate better functioning 
or less pain.

Table 2. Effects of Burosumab on Height, Physical Functioning, and Patient-Reported Outcomes.

Figure 2 (facing page). Effects of Burosumab on Pharmacodynamic Variables.

All serum and urine samples were obtained during fasting. A significant mean increase from baseline to week 40  
in serum phosphorus level (Panel A), the renal tubular phosphate reabsorption (expressed as the ratio of the maxi-
mum rate of tubular reabsorption of phosphate to the glomerular filtration rate) (Panel B), and serum 1,25-dihydroxy-
vitamin D level (Panel C) was seen among the 26 patients in each group (P<0.001). With respect to the serum alka-
line phosphatase level (Panel D), there was a significant mean decrease from baseline to week 40 with every-2-week 
dosing (26 patients, P<0.001) and with every-4-week dosing (26 patients, P = 0.002). Graphs displayed in SI units are 
available in Figure S5 in the Supplementary Appendix. The reference range for serum alkaline phosphatase was pro-
vided by Covance Laboratories, and the reference ranges for the remaining variables were obtained from published 
articles: serum phosphorus, from Lockitch et al.24; renal tubular phosphate reabsorption, from Kruse et al.23; and 
1,25-dihydroxyvitamin D, from Chesney et al.22 I bars indicate standard errors.
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Figure S2. Effects of Burosumab on Growth, Exercise Capacity, and Patient-reported Pain and Physical Function 

 

Standing height z-score is expressed as least squares mean ± SE. Percent predicted 6-minute walk test and Pediatric 

Outcomes Data Collection Instrument scores are expressed as Mean ± SE.  

  

Growth on burosumab treatment in XLH patients aged 5-12 years
Prior conventional treatment in 96% of patients (mean duration 6.9 years)

Carpenter TO et al., N Engl J Med 2018;378:1987-1998



Conclusions

• Correct diagnosis of XLH matters

• Symptomatic treatment:
- does not cure the disease
- has limitations and side effects

• Challenges:
- growth
- bone deformities
- recurrent dental infections
- adherence

• Burosumab is more effective than conventional treatment in children with XLH 
with respect to healing of rickets and physical functioning (growth?, teeth?, QoL?, enthesopathy?)

• Important to collect the natural history of disease => prospective registries
Downregulation of PHEX in XLH increases skeletal

OPN deposition which contributes to local inhibition of
mineralisation [4]. Meanwhile, elevated levels of serum
FGF23 increase urinary phosphate excretion by down-
regulating renal sodium-phosphate transporters, and
limit intestinal phosphate absorption by restricting active
vitamin D synthesis to levels that are abnormally low or
normal despite hypophosphatemia [8] .
Since phosphate insufficiency and inappropriately

low levels of calcitriol [also known as 1,25(OH)2D or
active vitamin D] contribute to many symptoms of
XLH, conventional therapy involves supplementation
with oral phosphate and calcitriol or calcitriol ana-
logues (commonly alfacalcidol). This can correct lower
limb deformities, promote growth, and improve oral
health [9], with earlier treatment leading to better
results [10]. However, conventional therapy insuffi-
ciently corrects the biochemistry and symptoms of
XLH, and can further increase serum FGF23 levels
[8, 11–13]. Conventional therapy has also been asso-
ciated with adverse effects including secondary
hyperparathyroidism, nephrocalcinosis, nephrolithia-
sis, and cardiovascular abnormalities [14].

Although hypophosphatemia is the primary link be-
tween elevated FGF23 and the pathophysiology of XLH,
FGF23 has recently been proposed to also contribute to
XLH via other molecular mechanisms [7, 15].
This review describes the central role of FGF23 in

XLH pathophysiology, outlining evidence that links
upregulation of FGF23 to manifestations of XLH
through various molecular pathways (outlined in Fig. 2).
FGF23 is introduced along with its direct regulators and
receptors, followed by a brief discussion of the dysregu-
lation of serum FGF23 in various diseases of hypopho-
sphatemia; animal models of these diseases are also
described since they are essential for understanding mo-
lecular mechanisms involved in the pathology of XLH.
Finally, the manifestations of XLH are grouped by mo-
lecular mechanism and discussed, with any potential in-
volvement of FGF23 highlighted.

Regulation of serum FGF23
The FGF23 gene is located on chromosome 12 and codes
for a 251-amino acid, 32 kDa pro-protein. Although
FGF23 is predominantly expressed in and secreted by os-
teocytes and osteoblasts, lower levels of FGF23 expression

Fig. 1 Symptomatology and pathophysiology of XLH. The signs, symptoms, sequelae, and long-term consequences of XLH in paediatric (left) and
adult (right) patients

Beck-Nielsen et al. Orphanet Journal of Rare Diseases           (2019) 14:58 Page 2 of 25

Thank you for your attention!
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