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Abstract

The main congenital conditions of hypophosphatemia expressed in adulthood include several forms of hereditary hypophos-
phatemic rickets and a congenital disorder of vitamin D metabolism characterized by osteomalacia and hypophosphatemia
in adult patients. Hypophosphatemia in adults is defined as serum phosphate concentration < 0.80 mmol/L. The principal
regulators of phosphate homeostasis, as is well known, are parathyroid hormone (PTH), activated vitamin D, and Fibroblast
Growth Factor 23 (FGF23). Differential diagnosis of hypophosphatemia is based on the evaluation of mechanisms leading to
this alteration, such as high PTH activity, inadequate phosphate absorption from the gut, or renal phosphate wasting, either
due to primary tubular defects or high FGF23 levels. The most common inherited form associated to hypophosphatemia is
X-linked hypophosphatemic rickets (XLH), caused by PHEX gene mutations with enhanced secretion of the FGF23. Until
now, the management of hypophosphatemia in adulthood has been poorly investigated. It is widely debated whether adult
patients benefit from the conventional treatments normally used for pediatric patients. The new treatment for XLH with
burosumab, a recombinant human IgG1 monoclonal antibody that binds to FGF23, blocking its activity, may change the
pharmacological management of adult subjects with hypophosphatemia associated to FGF23-dependent mechanisms.
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Introduction and a congenital disorder of vitamin D metabolism, such

as hereditary 1,25-dihydroxyvitamin D-resistant rickets

Congenital conditions of hypophosphatemia are part of the
disorders that cause defective bone mineralization, manifest-
ing with rickets and osteomalacia in childhood and osteoma-
lacia in adulthood [1-4]. The main congenital conditions of
hypophosphatemia expressed in adulthood are subdivided
into several different forms of hypophosphatemic rickets,
including X-linked hypophosphatemic rickets (XLH), auto-
somal-dominant hypophosphatemic rickets (ADHR), auto-
somal recessive hypophosphatemic rickets (ARHR), heredi-
tary hypophosphatemic rickets with hypercalciuria (HHRH),
X-linked recessive hypophosphatemic rickets (XLRH),
hypophosphatemic rickets with hyperparathyroidism (HRH),
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(HVDRR). These disorders are called forms of rickets as
they tend to occur in childhood, but they can also occur
in adulthood. Osteomalacia is caused by the disruption of
mineral deposition of newly formed osteoid and, unlike rick-
ets, a disorder of the growth plates affecting only pediatric
subjects, osteomalacia can affect both children and adults
with XLH [5].

Hypophosphatemia is defined as serum phosphate con-
centration < 0.80 mmol/L in adults, and < 0.30 mmol/L is
classified as severe hypophosphatemia [2]. The principal
regulators of phosphate homeostasis are parathyroid hor-
mone (PTH), 1,25-dihydroxyvitamin D [1,25(OH),D;], and
Fibroblast Growth Factor 23 (FGF23) [6]. Under physiologi-
cal conditions, an increase of serum inorganic phosphate
levels induces secretion of FGF23 and PTH, with an increase
of urinary phosphate excretion in the proximal renal tubule,
due to reduction of expression of the sodium-dependent
phosphate co-transporters (NaPi-2a and NaPi-2c) [7].

In case of hypophosphatemia, indices of phosphate excre-
tion, such as tubular maximum reabsorption rate of phos-
phate to glomerular filtration rate (TmP/GFR), are required
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to discriminate between renal or non-renal mediated forms.
Medical history, physical examination, and other biochemi-
cal exams of bone metabolism, help exclude several causes
[2]. Further tests, such as estimation of FGF23 and genetic
testing, are needed to discriminate between the potential
causes.

Most congenital conditions of hypophosphatemia are
diagnosed in early childhood, with the most common diag-
nosis being XLH, whereas some conditions, such as ADHR,
have a variable phenotype that may not manifest until adult-
hood [8]. The management of congenital hypophosphatemia
in adulthood is currently poorly investigated [4]. It is widely
debatable whether adult patients with congenital hypophos-
phatemia benefit from the conventional treatments usually
administered to pediatric patients (phosphate supplements
and activated vitamin D) [4]. The new drug, burosumab for
XLH, a recombinant human IgG1 monoclonal antibody
that binds to FGF23, blocking its activity, may modify the
pharmacological treatment of adults with hypophosphatemia
associated to FGF23-dependent mechanisms [9, 10]. The
effectiveness of burosumab has been shown in both chil-
dren [10] and adults for clinical manifestations, such as stiff-
ness, rickets severity, fracture healing, quality of life, and
biochemical values, such as TmP/GFR and 1,25(OH),D;
[11-14].

Hypophosphatemic Rickets

Hypophosphatemic rickets is a group of disorders with
similar biochemical alterations, including excessive renal
phosphate wasting and low serum phosphate [15]. These
disorders can be divided into FGF23-associated and non-
associated hypophosphatemic rickets, where the first are
mostly due to an alteration of the regulation of the FGF23
synthesis as the primary factor causing the excessive renal
phosphate wasting. The most common inherited form is
FGF23-associated XLH, caused by PHEX gene mutations,
with an incidence of 3.9 per 100,000 live births and a preva-
lence of 4.8 per 100,000 (children and adults) [16—18].

X-linked Hypophosphatemic Rickets

X-linked hypophosphatemic rickets (OMIM#307,800) is
a rare congenital disease characterized by renal phosphate
wasting and consequent hypophosphatemia [19]. It is an
X-linked dominant disorder caused by mutations in the
PHEX gene, located at Xp22.1, encoding a cell-surface-
bound protein-cleavage enzyme (phosphate-regulating
neutral endopeptidase PHEX). There are over 170 different
mutations in the PHEX gene, and a clear genotype—phe-
notype correlation has not yet been described [20]. This
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disorder seems to be completely penetrant; however, its
severity varies widely even among family members [21, 22],
and other genetic and environmental factors may influence
its clinical manifestation [3].

The pathogenesis of XLH is not yet fully understood;
however, animal studies show that loss of Phex function
results in enhanced FGF23 secretion, mainly by osteocytes
[23]. PHEX is predominantly expressed in osteoblasts and
codes for an enzyme that degrades local small integrin-bind-
ing ligands, N-linked glycoproteins (SIBLING proteins),
particularly osteopontin (OPN) [24], besides suppressing the
secretion of serum levels of the FGF23. Therefore, down-
regulation of PHEX in XLH patients increases skeletal OPN
deposition, contributing to local inhibition of mineralization
[24]. Moreover, high serum FGF23 concentrations increase
renal excretion of phosphate by downregulating renal
sodium—phosphate transporters (NaPi-2a and NaPi-2c) and
reduce intestinal phosphate absorption by inhibiting active
vitamin D synthesis [25].

Regarding clinical manifestations in adult patients, typi-
cal findings of XLH can include short stature, osteomalacia
with bone pain, pseudofractures and fragility fractures, bone
deformities, degenerative joint disease, early osteoarthritis,
joint stiffness, decreased joint mobility due to enthesopathy
(calcified ligaments and teno-osseous junctions), and other
extra-osseus calcifications, including enthesophytes and spi-
nal stenosis, muscle pain and weakness, and dental disease,
such as periodontitis, inflammation of the gums, tooth decay,
and dental abscesses [27-30]. In adult patients, pseudof-
ractures are frequently reported [27, 28, 31]. Adult patients
with XLH, as well as other hypophosphatemic rickets, can
also manifest variable hearing loss [33], due to mild-to-
severe sensorineural hearing loss. X-ray exams show gen-
eralized osteosclerosis and thickening of the petrous bone,
with narrowed internal auditory meatus [33]. The symptoms
described above can cause diminished quality of life, includ-
ing psychosocial impact and disability, impairing ability to
work [34].

Hypophosphatemia is the primary link between high
FGF23 levels and the pathophysiology of XLH disease;
however, it has been proposed that FGF23 also contributes
to this disease with other molecular mechanisms [26, 35].

Regarding bone mineralization, it is known that
hypophosphatemia is the primary mechanism by which ele-
vated serum FGF23 impairs bone development, inhibiting
apoptosis of hypertrophic chondrocytes and mineralization,
and leading to rickets and osteomalacia [34]. However, stud-
ies conducted on Hyp osteocytes have also described abnor-
mal mineralization in a phosphate-normal in vitro environ-
ment [36]. Thus, it has been suggested that there may be
hypophosphatemia-independent autocrine/paracrine effects
of FGF23 involving calcitriol and tissue non-specific alka-
line phosphatase (TNAP) [34].
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Recently, a study has shown a link between autocrine/
paracrine roles of locally produced calcitriol and the FGF23-
mediated regulation of chondrocyte differentiation and bone
mineral deposition [37]. This study showed that, also in case
of hypophosphatemia and low serum calcitriol, mice with
high FGF23 levels did not have skeletal abnormalities when
CYP24A1 concentrations were repressed [37]. Therefore,
it was suggested that mineralization in the control animals
was disrupted by FGF23-mediated activation of CYP24A1
degrading locally produced calcitriol [37]. Moreover, calci-
triol appeared to directly affect expression of OPN (inhibi-
tor of hydroxyapatite crystal formation), although no con-
clusive studies are currently available [38]. The SIBLING
protein OPN contains an ASARM peptide motif cleavage,
which releases phosphorylated ASARM (pASARM) pep-
tides (potent inhibitors of mineralization) [34, 38, 39]. The
PASARM peptides are directly cleaved by PHEX with
an FGF23-independent mechanism, contributing to bone
abnormalities in XLH [40]. However, this process is also
exacerbated by FGF23-induced upregulation of OPN [39],
probably in addition to other mechanisms that are still poorly
understood [41]. Recent evidence suggests that accumula-
tion of pyrophosphate (PPi), a known mineralization inhibi-
tor, may be another factor with a role in the impairment of
mineralization in XLH patients [34].

Regarding ectopic calcifications, XLH patients can pre-
sent calcifications at joints and bone attachments of tendons
(enthesopathies), as well as nephrocalcinosis.

Enthesopathies have also been reported in untreated
patients. Although a clear pathogenesis of enthesopathy has
not yet been described, it seems that FGF23 could have a
specific role, given recent evidence of expression of FGFR
and Klotho in sites where enthesopathy develops [18, 30],
and enthesopathy does not appear to be influenced by con-
ventional XLLH treatment [3].

On the other hand, nephrocalcinosis has not been reported
in untreated XLH patients; this is widely considered to be
the result of conventional therapy associated with active
vitamin D dosage [4, 33]. This has also suggested a poten-
tial role for FGF23 in enhancing renal calcium reabsorp-
tion in XLH disease through the transient receptor potential
cation channel subfamily V member 5 (TRPVS5) channel,
promoting calcifications [42]. In FGF23-blocking clinical
trials without the use of active vitamin D, nephrocalcinosis
has not been described until now; however, there are not
long-term data [43].

There are very few reports that describe cardiovascular
complications, hypertension, and left ventricular hyper-
trophy in patients affected by XLH, and they appear to be
side effects of conventional treatment and/or associated to
increased renal sodium reabsorption due to FGF23 [34].
Significant associations between high levels of FGF23
and impaired flow-mediated dilation, arterial stiffness,

atherosclerosis, and left ventricular hypertrophy have been
described in chronic kidney disease (CKD) patients [34].
The patients affected by XLH, unlike CKD patients, have
lower FGF23 levels, low phosphate levels, and concomi-
tant standard treatment with vitamin D, which may prevent
FGF23-driven left ventricular hypertrophy [34, 44].

XLH patients also usually have muscle weakness asso-
ciated with FGF23-induced hypophosphatemia, with lower
muscle density and lower peak muscle force and power com-
pared to age- and gender-matched controls [34]. The expres-
sion of PHEX in myocytes suggests a potential direct role for
FGF23 in muscular weakness in these patients. Moreover, it
has been described that FGF23 induces senescence in mes-
enchymal stem cells derived from skeletal muscle [34, 45].

Craniosynostosis has classically been associated with
hypophosphatemic rickets, but the relationship is still not
clear [34]. Effects of blocking FGF23 on the development
of craniosynostosis during clinical trials have not yet been
described [11].

Severe dental manifestations, including dental abscesses,
periodontopathies and malocclusion, have been described in
most untreated XLH patients; however, the molecular mech-
anisms that cause these complications are poorly understood
[34, 46].

Reports of hearing loss frequency in XLH patients are
quite variable. A number of causes have been identified,
including conductive hearing loss, sensorineural hearing
loss, and cochlear dysfunction. However, a more standard-
ized approach for assessing hearing loss is clearly necessary
for future investigations [34].

Typical biochemical alterations associated with XLH
include hypophosphatemia, renal phosphate wasting with
reduced TmP/GFR ratio (tubular maximal reabsorption of
phosphate adjusted for glomerular filtration rate), and high
serum alkaline phosphatase (ALP) activity and FGF23 lev-
els [33, 47]. Serum 1,25(0OH),D; levels tend to be inappro-
priately low or normal in the setting of hypophosphatemia,
while serum 25-vitamin D [25-(OH),D;] is usually normal
[48]. Serum calcium concentrations are generally in the
lower normal range, and urinary calcium excretion is ten-
dentially low, due to impaired 1,25(OH),D; synthesis [51].
Secondary hyperparathyroidism is common, both without
phosphate treatment and as a potential consequence of phos-
phate treatment [3]. In XLH, high PTH concentrations in
the absence of phosphate treatment could be due to relative
deficiency in 1,25(0OH),D;, attributable to FGF23 excess
[33]. The direct effect of FGF23 on PTH is not yet clari-
fied. Experimental studies have shown an inhibitory effect
of FGF23 on both PTH production and secretion. In par-
ticular, preclinical studies have shown that recombinant
FGF23 increased parathyroid Klotho levels and activated
MAPK signaling, suppressing PTH expression over short
time courses [49]. On the other hand, a study conducted
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on wistar rats treated with intravenous recombinant FGF23
and inhibition of the FGF receptor showed that FGF23 rap-
idly inhibited PTH secretion in normocalcemia, but in case
of acute hypocalcemia, when increased PTH secretion is
needed to restore the calcium homeostasis, this effect was
not described [50].

The plasma levels of intact FGF23 are usually high in
this disease; however, XLH diagnosis cannot be excluded
in case of normal levels of FGF23, because normal concen-
trations are also inappropriate in hypophosphatemia [52].
Moreover, FGF23 levels are most informative in untreated
patients, because they are influenced by phosphate intake
and vitamin D therapy [53].

In adult patients, the diagnosis of XLH should be con-
sidered in the presence or history of clinical and/or radio-
logical signs of osteomalacia, pseudofractures, and/or lower
limb deformities, early osteoarthritis and enthesopathies
associated with serum concentrations of phosphate below
the age-related reference range, and renal phosphate wast-
ing [53]. The medical history of these patients may reveal
rickets, dental problems, and delayed growth in childhood,
and physical examination may show lower limb varus or val-
gus deformities, small stature, an unusual gait, and variable
degrees of motor disability. The mutational analysis of the
PHEX gene is recommended [53], although sporadic cases
(about 20% to 30% of cases) are common, and in some cases
a mutation cannot be detected [3]. In cases where genetic
analysis is not available, elevated plasma intact FGF23 con-
centrations and/or a positive family history for XLH may
support the diagnosis [53]. Regardless of the age of the
patient, an early diagnosis followed by optimal treatment is
crucial to control the clinical manifestations, prevent com-
plications, and improve quality of life [53].

Patients should be controlled at regular intervals by
expert multidisciplinary teams, with knowledge of metabolic
bone diseases, as suggested by recent guidelines [53]. The
clinical XLH course varies widely from patient to patient;
consequently, treatment and monitoring should be assessed
on a case-by-case basis according to their medical history.
The recent XLH guidelines recommend a clinical follow-up
of adult patients to evaluate: height, weight, BMI, history of
headaches, oral manifestations, musculoskeletal pain, pseu-
dofractures, fatigue, and level of physical function [53]. In
adults with recent oral manifestations, a dental orthopan-
tomogram is suggested and should be repeated according
to clinical needs [53]. In some studies, hypertension, left
ventricular hypertrophy and/or electrocardiogram alterations
have been described in patients with XLH [54, 55]; there-
fore, a yearly blood pressure measurement is suggested [54].
Regarding biochemical follow-up, serum ALP level is a reli-
able biomarker of osteomalacia in adult patients; however,
given that~50% of circulating ALP originates from hepato-
cytes, bone-specific ALP is preferred [33]. In undertreated
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patients, ALP concentrations are high and urinary calcium
excretion is usually low, while when the rickets are healed,
ALP levels tend to normalize, and urinary calcium excre-
tion tends to increase [47]. PTH levels should be monitored
regularly, given that oral phosphate stimulates the secretion
of PTH, causing secondary hyperparathyroidism [56]. Regu-
lar measurements of serum and urinary calcium levels are
required to evaluate the safety of active vitamin D [53].

Since low phosphate concentrations and inappropriately
low levels of calcitriol contribute to many XLH-associated
symptoms, conventional treatment includes supplementa-
tion with oral phosphate and calcitriol or alfacalcidol. An
early standard treatment can correct lower limb deformities,
improve oral health, and promote growth [33], but insuffi-
ciently corrects the other clinical manifestations as discussed
below, and can further increase serum FGF23 concentrations
[25, 34]. Moreover, conventional treatment has been associ-
ated with adverse effects, such as secondary hyperparathy-
roidism, nephrocalcinosis, nephrolithiasis, and cardiovascu-
lar abnormalities, as is discussed in the paragraph dedicated
to treatment [34, 53].

Autosomal-dominant Hypophosphatemic
Rickets

Autosomal-dominant hypophosphatemic rickets
(OMIM#193,100) is a rare disease with clinical and bio-
chemical findings similar to XLH [57, 58]. ADHR is caused
by a missense mutation in the FGF23 gene itself that sta-
bilizes the protein product, leading to increased FGF23
activity, which in turns leads to phosphate wasting at the
level of the proximal tubules [19]. The age at presentation
of ADHR can vary between childhood and adulthood, due
to incomplete penetrance. The clinical expression varies
widely and, in some cases, despite carrying the gene muta-
tion, hypophosphatemia never develops [57, 58], and the
disease does not manifest (incomplete penetrance), while
some affected patients spontaneously normalize [57, 58].
Typical biochemical alterations in patients with active
disease include hypophosphatemia, phosphaturia, and
inappropriately normal or low 1,25(OH),D; concentrations
similar to XLH [58]. In adulthood, clinical expression can
include osteomalacia, bone pain, weakness, and fractures/
pseudofractures [57, 58]. It has been reported that most
patients who develop the disease in adulthood are women
and, in some cases, the onset of clinically evident disease
is correlated with a physiological stress, such as pregnancy
[57, 58]. It is not well known why patients with ADHR only
sometimes generate inappropriate FGF23 and hypophos-
phatemia. Some investigations in ADHR patients and in a
mouse model of ADHR have suggested that low iron sta-
tus results in increased FGF23 mRNA [58-60]. It has been
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suggested that the low iron stores, due to pregnancy or any
other stressor, may lead to clinical manifestation or exacer-
bation later in life. The mutant intact FGF23 is resistant to
cleavage, and this leads to exacerbation of disease at times
of low iron stores when there is increased expression of
FGF23 [61]. Iron deficiency drives an increase in FGF23
gene expression, causing hypophosphatemia, while normali-
zation of iron in ADHR patients has been associated with
the normalization of the biochemical and skeletal phenotype
[60].

Autosomal Recessive Hypophosphatemic
Rickets

Autosomal recessive hypophosphatemic rickets is a rare
hereditary renal phosphate wasting disorder, characterized
by hypophosphatemia, rickets and/or osteomalacia and
slow growth, clinically similar to XLH and ADHR with
the exception of a relatively higher bone mineral density
(BMD), [19, 62]. Clinical manifestations include dental
defects, sclerotic bone lesions, and enthesopathies [19].

This disease has been subdivided into ARHR type
1 linked to inactivating mutations in the DMPI gene
(OM1IM#241,520), and ARHR type 2 in the ENPPI gene
(OMIM#613,312) [63]. In case of DMP1 mutations, the phe-
notype is similar to XLH, whereas ENPP1 mutations are
usually associated with generalized arterial calcification in
infancy [64]. The effect of loss of function of DMP1 is not
yet clear; however, it is known that it causes an increased
transcription of FGF23 by osteocytes, and is involved in
the regulation of transcription in undifferentiated osteoblasts
[65]. The gene product of ENPP1 (ectonucleotide pyroph-
osphatase/phosphodiesterase 1) is a cell-surface enzyme
responsible for generating inorganic pyrophosphate that is
able to inhibit bone [63].

Hereditary hypophosphatemic rickets
with hypercalciuria

Hereditary hypophosphatemic rickets with hypercalciuria
(OMIM#241,530) is an autosomal recessive hereditary
disorder resulting from specific transporter mutations due
to a mutation in the SLC34A3 gene, encoding the NaPi-2c
renal phosphate cotransporter [66—68]. It is characterized by
hypophosphatemia, renal phosphate wasting, hypercalciuria
with circulating PTH usually low to low-normal, associated
with childhood rickets and, in adulthood, with osteopenia/
osteomalacia [67, 68]. The reduced PTH-dependent calcium
reabsorption in the distal renal tubules leads to the develop-
ment of kidney stones and/or nephrocalcinosis in approxi-
mately half of the subjects with HHRH [69]. Heterozygous

NaPi-2c mutations are often associated with isolated hyper-
calciuria, and increased risk of kidney stones or nephroc-
alcinosis threefold in affected subjects compared with the
general population [69]. In this disorder, the FGF23 level
is not increased, the hypophosphatemia causes an increase
of 1,25(0OH),D; and, consequently, an increase of intestinal
calcium absorption and hypercalciuria [68].

Dent’s Disease, X-linked Recessive
Hypophosphatemic Rickets

Dent’s disease (X-linked recessive hypophosphatemic rick-
ets; OMIM#300,554) is an X-linked disorder due to a muta-
tion in the voltage-gated chloride channel gene (CLCNS)
[70, 71]. This disease is characterized by renal proximal
tubular dysfunction leading to hypophosphatemia, with
hypercalciuria, and low molecular weight proteinuria. These
patients develop rickets or osteomalacia and nephrolithiasis
or nephrocalcinosis with progressive renal failure in early
adulthood [70, 71]. Therefore, in contrast to patients affected
by XLH, these subjects manifest hypercalciuria, high serum
1,25(0H),D; levels, and proteinuria of up to 3 g/day [70,
71].

Hypophosphatemic Rickets
with Hyperparathyroidism

A syndrome characterized by both hypophosphatemic rick-
ets and hyperparathyroidism due to parathyroid hyperplasia
has been described (Hypophosphatemic rickets with hyper-
parathyroidism; OMIM#612,089) [72].

Brownstein CA et al. described a 23-year-old woman
with hypophosphatemic rickets and hyperparathyroidism
who presented at 13 months of age with rachitic skeletal
alterations [72]. Biochemical evaluation reported hypophos-
phatemia and elevated serum PTH levels with inappropriate
renal phosphate wasting. The patient was treated with calci-
triol and oral phosphate salt supplementation with improve-
ment of bone pain, and she began to walk shortly before
her second birthday. At age 7 she developed hypercalcemia,
persistent hypophosphatemia and hyperparathyroidism, and
underwent surgical removal of 3.5 hyperplastic parathyroid
glands (histology showed benign multigland hyperplasia). In
adulthood, at age 19, she again reported hypercalcemia and
underwent 75% removal of the then-enlarged parathyroid
remnant (benign hyperplasia). At age 23, Arnold-Chiari [
malformation was also found [72].

HRH has been associated to a de novo translocation
with a breakpoint adjacent to alpha-Klotho, encoding a
beta-glucuronidase, implicated in aging and regulation
of FGF signaling [72]. High plasma alpha-Klotho levels
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and beta-glucuronidase activity were found in the affected
patient; unexpectedly, high levels of the circulating FGF23
level were also described. These findings suggested that a
high alpha-Klotho concentration mimics a normal response
to hyperphosphatemia and implicates a role of alpha-Klotho
in the selective regulation of phosphate levels and in the
regulation of parathyroid mass and function [72].

Hereditary 1,25-Dihydroxyvitamin
D-Resistant Rickets

Hereditary 1,25-dihydroxyvitamin D-resistant rickets
(OMIM #277,440), also known as vitamin D-resistant rick-
ets type 2A, is a rare monogenic disease caused by muta-
tion in the VDR gene [73, 74]. Patients with HVDRR often
have consanguinity in the family [75]. Mutation in the VDR
gene leads to partial or complete resistance to 1,25-dihy-
droxyvitamin D-resistant leading to hypocalcemia, second-
ary hyperparathyroidism, consequent hypophosphatemia,
and elevated ALP [3]. Moreover, there are significant high
serum 1,25(0OH),D; levels, unlike la-hydroxylase defi-
ciency, also known as vitamin D-dependent rickets type 1A
[76]. Multiple mutations in the VDR gene have been reported
to cause HVDRR [73]. In adulthood, many patients have
near normal PTH concentrations and normal bone mineral
density (BMD), although with persistent elevated serum
1,25(0OH),D; levels, suggesting residual target organ resist-
ance. Most HVDRR patients during and after puberty and
into adulthood are able to maintain normal serum calcium
concentrations with modest oral calcium supplements, or
without them altogether [74].

Differential diagnosis

The differential diagnoses of congenital conditions of
hypophosphatemia is based on the evaluation of mechanisms
leading to hypophosphatemia: high PTH activity, inadequate
phosphate absorption from the gut or renal phosphate wast-
ing (either primary tubular defects or high levels of circulat-
ing FGF23) [2, 53, 77, 78].

The evaluation of clinical manifestations, the onset of
symptoms, radiographic and biochemical examinations,
and extended molecular genetic analysis can be used to
establish the diagnosis in unclear cases of hypophos-
phatemia [2]. Moreover, an accurate history and physical
examination are necessary to exclude several causes of
genetic or acquired of hypophosphatemia [2]. The indi-
ces of tubular maximum reabsorption rate of phosphate
to glomerular filtration rate (TmP/GFR) are fundamental
to determine if hypophosphatemia is caused by renal loss
[2]. The measurement of serum PTH, 25(OH),D,, and
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sometimes serum 1,25(0OH),D; may be necessary to inves-
tigate the other genetic or acquired forms of hypophos-
phatemia. In the case of hypophosphatemia due to primary
hyperparathyroidism, the differential diagnosis is based
on the analysis of the typical biochemical picture of pri-
mary hyperparathyroidism and, in particular, hypophos-
phatemia is usually less severe than renal phosphate
wasting, because the levels of calcitriol are higher. On
the other hand, low serum concentration of 1,25(0OH),D;
with adequate levels of 25(OH),D; should raise suspicion
of a FGF23-mediated hypophosphatemia [2].

In patients with XLH, plasma FGF23 levels are high,
but quite variable [79], and an increased concentration
of FGF23 is not specific for XLH, even in the setting of
hypophosphatemia, since ADHR, ARHR, tumor-associated
osteomalacia (TIO) and fibrous dysplasia (FD) all cause
FGF23-mediated hypophosphatemia [79, 80]. On the other
hand, low concentrations of FGF23 associated to hypophos-
phatemia could be associated to different diseases, such as
Fanconi syndrome, dietary phosphate deficiency, or malab-
sorption [79, 80]. Urine amino acids, protein and glucose
excretion indicate a proximal tubular disorder, such as Fan-
coni syndrome, whereas low urinary phosphate levels could
be associated with dietary phosphate deficiency or impaired
bioavailability or, in case of hypercalciuria before starting
treatment, HHRH should be considered [2, 8, 53]. Nutri-
tional rickets and XLH might sometimes coexist, and diag-
nosis of XLH should be considered if, in case of vitamin D
or calcium, an adequate supplementation does not improve
the serum levels of phosphate [53].

Several FGF23 immunoassays are available to date,
although they are often reserved only for research [3]. They
can detect intact FGF23 (iFGF-23) or both iFGF-23 and
C-terminal FGF23 (cFGF-23) portions, and most assays
include a double antibody sandwich ELISA with colorimet-
ric reading. It is not yet clear if the cFGF-23 assay provides
comparable sensitivity for iFGF-23 in subjects with differ-
ent stages of renal function [3]. Recently, a new automated
assay for iFGF-23 on the DiaSorin Liaison platform has
been approved for clinical use [81]. This assay is reserved
for the measurement of iFGF-23 in EDTA plasma and uses
three monoclonal antibodies (one coated on microparticles
and directed against the N-terminal portion of the iFGF-
23; another, labeled with fluorescein, directed against the
C-terminal fragment; and the third, bound with isoluminol,
directed against fluorescein). It has shown excellent analyti-
cal characteristics, greatly improving the evaluation of this
analyte [81].

Finally, the pathological and pharmacological medi-
cal history allows exclusion of other acquired causes of
hypophosphatemia in the differential diagnosis [2, 3].

Table 1 summarizes the biochemical findings in selected
genetic hypophosphatemic disorders.
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Table 1 Biochemical features of congenital diseases associated to hypophosphatemia

Disease (OMIM#) Ca P ALP uCa uP Tmp/GFR PTH 25(OH)D 1,25(OH),D

XLH OMIM#307,800 N L H N/L H L N/H N N or inappropriately L*
ADHR OMIM#193,100 N L H N/L H L N/H N N or inappropriately L*
ARHR type 1 OMIM#241,520 N L H N/L H L N/H N N or inappropriately L*
ARHR type 2 OMIM#613,312 N L H N/L H L N/H N N or inappropriately L*
HHRH, OMIM#241,530 N L H N/H H L L/N N H

XLRH OMIM#300,554 N L H N/H H L L/N/H N H

HRH OMIM#612,089 N L H L H L H N N or inappropriately L*
HVDRR OMIM#277,440 L N/L H L L/N/H L H N H

Ca serum calcium, P serum phosphate, ALP serum alkaline phosphatase, ©Ca 24-hour urinary calcium, uP 24-hour urinary phosphate, Tmp/
GFR tubular maximum reabsorption rate of phosphate to glomerular filtration rate, 25(OH)D cholecalciferol, 1,25(0OH),D: 1,25-dihydroxyvita-

min D, A high, N normal, L low,

*related to the serum phosphate concentration

Treatments of Congenital Conditions
of Hypophosphatemia

Conventional treatment of hypophosphatemia due to phos-
phate wasting genetic disorders is essentially based on treat-
ment of the XLLH with phosphate supplements and calcitriol
or alfacalcidol, given the similarities in pathophysiology
between the disorders [3, 53].

Treatment is usually initiated at the time of diagnosis of
XLH and continued at least until growth completion [82].
The doses vary according to age and severity of pheno-
type [53]. In pediatric patients, the main goal of treatment
is to prevent rickets before they develop bone changes and
improve growth. Therefore, therapy should be started early,
otherwise if started late in adolescence or in adulthood the
treatment is not equally effective [53]. Healing of rickets is
usually associated to the normalization of ALP levels and
radiological signs. In childhood, the conventional therapy
lowers the ALP level to the upper limit of normal within
about 1 year and increases height by about 1 standard devia-
tion [82]. Another goal of treatment in pediatric patients
includes dental health, improving dental mineralization,
and decreasing the number of dental abscesses [53, 82].
Phosphate supplements should be given frequently (for
example, 4-6 times per day), since serum phosphate levels
increase rapidly but return to baseline levels within 1.5 h.
Oral phosphate supplements should always be assumed
together with active vitamin D, because it is known that
phosphate alone can cause secondary hyperparathyroidism
and thereby renal phosphate wasting [53]. Large doses of
active vitamin D promote both growth and bone healing
but may cause hypercalciuria and nephrocalcinosis and
titration to optimal doses and compliance represent usually
important challenges [53]. No long-term clinical investiga-
tions have been conducted so far assessing the impact of
the standard treatment on the incidence of complications

such as enthesopathies, hearing impairments, fatigue, Chiari
syndrome, and craniosynostosis.

In adulthood, the conventional treatment has long been
debated and currently it is recommended only in symp-
tomatic patients with XLH, including pseudofractures,
musculoskeletal pain, dental issues, planned orthopedic or
dental surgery, or osteomalacia with high serum levels of
bone-specific ALP [53]. Treatment if needed is also sug-
gested in physiological conditions, such as pregnancy and
breastfeeding [53]. Dosage reduction of active vitamin D is
recommended in case of long-term immobilization, to pre-
vent hypercalciuria and hypercalcemia due to increased bone
resorption, and to stop phosphate supplements in patients
with markedly increased parathyroid hormone levels [53].
In case of secondary hyperparathyroidism, it is suggested
that active vitamin D might be given without phosphate sup-
plements [53]. Treatment is also recommended before and
3—-6 month after surgical, orthopedic or dental, interventions
to promote bone mineralization [33, 83].

Standard treatment can partially improve bone pain and
osteomalacia in adult patients [53]. Spontaneous insuffi-
ciency fractures are more likely to heal faster with therapy
[33, 83]. On the other hand, this treatment does not prevent
or improve hearing loss or enthesopathies, and it does not
modify osteoarthrosis-related pain [53, 83]. Regarding den-
tal manifestations, treatment is beneficial for dentin miner-
alization and dental health, reducing the frequency of dental
abscesses, especially if started in early childhood, but this
has not been thoroughly evaluated in periodontal defects
[83]. Hearing difficulties/loss and metabolic complications
can manifest during adulthood, but it is not clear if treatment
can prevent occurrence [32, 83]. Moreover, conventional
treatment tends to increase FGF23 levels in humans with
XLH. The clinical consequences of this FGF23 increase are
uncertain, but may have negative effects on health, in par-
ticular on metabolism and cardiac functions [83].
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The doses of calcitriol or alfacalcidol usually prescribed
in adult patients range from 0.50 to 0.75 pg daily for calci-
triol and 0.75-1.5 pg daily for alfacalcidol, and phosphate
tablets range from 750-1,600 mg daily (based on elemental
phosphorus) in 2—4 divided doses, as recommended by the
latest guidelines [53]. The dose of phosphorus should be
increased gradually in order to avoid gastrointestinal adverse
effects [53]. There is no evidence to recommend monitoring
calcitriol concentrations for adjustment of the dose of active
vitamin D derivatives, and 25(OH)D deficiency should be
adequately corrected [83].

In adulthood the goal of treatment is to relieve XLH
symptoms, and not to normalize serum phosphate concen-
trations [83]. It is important to remember that, in adulthood,
serum ALP of the bone-specific isoenzyme is not a major
marker of treatment efficacy but altered concentrations could
indicate extensive osteomalacia [83]. In long-term treatment,
inappropriate or excessive treatment may cause hyperpar-
athyroidism and hypercalciuria with consequent nephrocal-
cinosis and renal insufficiency. Therefore, it is necessary to
carefully monitor plasma calcium, PTH, creatinine and 24-h
urinary calcium excretion [33]

The challenges often faced by using conventional treat-
ment are variable compliance and poor tolerability, including
gastrointestinal symptoms, such as diarrhea and abdominal
cramps [53]. The balance between optimization of skeletal
symptomatology and minimization of side effects is chal-
lenging, and usually requires frequent medical visits. In
absence of specific symptoms, little evidence suggests that
starting or continuing treatment can improve outcomes, in
addition to having potential adverse effects [53].

In addition to conventional treatment, thanks to the iden-
tification of the role of FGF23 excess in the pathophysi-
ology of XLH, much effort has been directed to develop
new pharmacological treatment targeting the FGF23
pathway. Recently, burosumab (formerly KRN23), a fully
human monoclonal IgG1 antibody-neutralizing FGF23, was
approved by health authorities for the treatment of patients
with XLH in the European Union and the USA. In particular,
it is now licensed for children older than 1 year of age in
Europe and for both children and adults in the USA [53, 83].
Burosumab binds the amino-terminal domain of FGF23,
preventing FGF-23 from binding to its receptor [83, 84].

In childhood, two open-label uncontrolled trials investi-
gated the use of burosumab in a total of 65 children affected
by severe XLH (aged 1-12 years), showing that burosumab
treatment (12—-16 months) resulted in: a statistically sig-
nificant increase in TmP/GFR and raised serum phosphate
concentrations into the lower end of the age-related nor-
mal range, with increased 1,25(OH),D; levels; a significant
reduction in the severity of rickets (as measured by the Rick-
ets Severity Score and the Radiographic Global Impression
of Change); a significant improvement in physical ability

@ Springer

(as measured by walking distance in total distance walked
in 6 min); and a significant reduction in patient-reported
pain and functional disability (evaluated with the use of
the Pediatric Orthopedic Society of North America Out-
comes Data Collection Instrument) [85-88]. Radiographic
improvements were associated to improvements in ALP and
small improvements in height Z-score (+0.15) [86]. These
trials lacked an active comparator or a placebo group but did
suggest benefit from switching from conventional treatment
to burosumab in these growing children [85, 86]. The most
common adverse reactions described with burosumab were
injection-site reactions, headache and pain in the extremi-
ties [85, 86]. The EMA and FDA authorizations approved a
starting dose of 0.4 mg/kg body weight and 0.8 mg/kg body
weight, respectively, given every 2 weeks [53, 87, 88]. Buro-
sumab treatment, if available, is recommended in children
with XLH > 1 year and in adolescents with growing skel-
etons in case of radiographic evidence of overt bone disease
and disease refractory to conventional treatment; or clinical
complications associated to conventional therapy; or poor
compliance to conventional therapy [53]. Recently, the first
randomized, active-controlled, phase 3 trial of burosumab
in children (aged 1-12 years) with XLH at 16 clinical sites
has been published [89]. Sixty-one patients were enrolled,
of these, 32 were randomly assigned to continue receiving
conventional therapy and 29 to receive burosumab. Both
interventions lasted 64 weeks. Patients treated with buro-
sumab showed significantly greater improvement in Radi-
ographic Global Impression of Change global score than
did patients in the conventional therapy group (p <0-0001)
[89]. Three serious adverse events occurred in each group,
but all resulted unrelated to treatment and resolved. Sig-
nificantly greater clinical improvements were described in
rickets severity, growth, and biochemistries among pediat-
ric patients with XLH treated with burosumab compared
with those continuing conventional treatment at 64 weeks.
Therefore, it could have the potential to prevent long-term
complications associated with XLH, however, in childhood
it remains to be evaluated what the long-term effect, if any,
would be from prolonged burosumab treatment on achieved
height at the end of growth, and craniosynostosis, as well as,
the effect of burosumab on dental health [89]. At last, there
is not any data to clarify what approach might be necessary
in adolescents transitioning to adulthood.

The use of burosumab in adult patients with skeletal
pain associated with XLH and/or osteomalacia has been
investigated through one open-label, uncontrolled trial and
one randomized, double blind, placebo-controlled study
(24 weeks), including a total of 148 patients [14, 87, 88].
All clinical trials have included moderately to severely
affected XLH patients, therefore there are no results
regarding patients with mild clinical forms [14, 87, 88].
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In adulthood, short-term treatment with burosumab has
shown the following effects: significantly increased TmP/
GFR with raised levels of serum phosphate in the lower nor-
mal range and increased 1,25(OH),D; levels, as reported in
pediatric trials; accelerated healing of active fractures and
pseudofractures, and healed osteomalacia; and significantly
reduced stiffness, measured with the Western Ontario and
the McMaster Universities Osteoarthritis Index (WOMAC)
stiffness subscale [53]. Improvement of osteomalacia with
burosumab may be reflected in increases in bone formation
and resorption markers, that was reported in the clinical
trials and a normalization of bone remodeling would favor
mechanism fracture healing [14]. Stiffness may have mul-
tiple causes in adults with XLLH, and reduction of stiffness
in patients treated with burosumab may partially be due to
improvements in muscle function with this treatment [14].
The reduction of pain and improvement of physical function
was reported but without statistical significance relative to
placebo [14]. Burosumab with its effects above described
improve pain in adults, but do not treat at least in the short
term, every cause of pain or physical impairment, osteoar-
thritis or enthesopathy-related pain [14].

Recently, results derived by a 24-week burosumab treat-
ment continuation period after 24 weeks double-blind pla-
cebo-controlled trial in 134 adults [14] have been published
[90]. After 24 weeks, all patients received open-label buro-
sumab until week 48. Burosumab treatment from weeks
24-48 showed that serum phosphorus levels remained nor-
mal in most of patients (about 80%), and by week 48, more
than half of baseline fractures/pseudofractures healed fully
with burosumab, compared with 35.2% with burosumab
after placebo [90]. Both in patients who already took buro-
sumab and those who switched from placebo to burosumab,
the treatment resulted in clinically significant and sustained
improvement from baseline to week 48 regarding stiffness,
pain, physical function, and total distance walked in 6 min.
No serious adverse events were reported and rates of adverse
events were similar for burosumab and placebo. At last,
nephrocalcinosis scores did not change from baseline by
more than one grade at either week 24 or 48 [90].

Burosumab is generally a well-tolerated drug, with a good
safety profile. The described adverse events included: injec-
tion-site reactions, headache and pain in the extremities, like
those observed in the pediatric trials [53]. Forty-eight weeks
of burosumab treatment was not associated with hyperpar-
athyroidism or renal or cardiac ectopic mineralization [14,
90]. There was no evidence of hyperphosphatemia or ectopic
mineralization in the trials and no immunogenicity has been
associated with burosumab treatment so far [53].

In the USA, the FDA approved a dose of burosumab of
1 mg/kg body weight, with a maximum dose of 90 mg, given
subcutaneously every 4 weeks in adulthood [87]. If avail-
able, it is recommend to consider burosumab treatment in

adult patients affected by XLH with the following clinical
features: persistent bone and/or joint pain associated with
XLH and/or osteomalacia limiting daily activities; pres-
ence of pseudofractures or fractures due to osteomalacia;
and insufficient response or refractory, and/or complications
related to conventional therapy [53].

Burosumab should be used only at referral centers, and a
monitoring of fasting serum phosphate levels is suggested
7-11 days after the last injection of burosumab to avoid
inadvertently causing hyperphosphatemia [53]. After reach-
ing a steady state (presumably about 3 months), measuring
of serum phosphate levels is suggested, preferably during
the last week before a subsequent injection, to analyze an
eventual underdosing [53]. In case of fasting serum phos-
phate levels above the upper limit of normal, burosumab
should be discontinued, and subsequently can be restarted at
approximately half of the previous dose, once serum phos-
phate concentrations are below the normal range [53].

To date, no long-term data are available on burosumab
given its recent introduction, especially regarding the inci-
dence of hyperparathyroidism, renal function impairment,
and rheumatic complications [91]. Limitations regarding
burosumab treatment include the unfeasibility of adjusting
the dosage according to the PTH and/or the calcium urinary
excretion levels [91]. Moreover, burosumab treatment is a
very expensive therapy, and therefore should be weighed
against the cost of managing the complications due to XLH
[91]. Various aspects of burosumab treatment are yet to be
explored, including whether specific groups of patients with
XLH respond better than others and whether such response
can be predicted [82]. There is no data on the safety of
burosumab during pregnancy or lactation. In the future,
the long-term effect of burosumab on complications related
to XLH in adult patients should be analyzed. New clinical
studies will be necessary in order to study disease burden
and treatment options in adults, the effect of burosumab on
prevention of dental complications, craniosynostosis and
muscle weakness, and long-term safety [82]. Further, since
symptoms related to XLH are not only due to alterations in
phosphate and FGF23, other drug targets will need to be
investigated. At last, the utility of burosumab for FGF23-
related skeletal diseases other than XLH is yet to be explored
but may prove beneficial.

Like XLH, both ADHR and ARHR can be treated with
phosphate supplementation combined with calcitriol or
other active vitamin D analogs [33]. However, in case of
ADHR, iron supplementation to normalize iron stores may
be a more appropriate therapy, considering studies indicating
that iron deficiency appears to be a key pathologic mecha-
nism in ADHR, but no studies have tested the hypothesis of
treatment with iron yet [60, 92]. Preliminary data derived
from a pilot clinical trial of oral iron therapy for patients
with ADHR showed normalization of FGF23 and phosphate
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levels [93]. On the other hand, certain forms of intravenous
iron can precipitate acute increases in intact FGF23 [58].
Therefore, intravenous iron (especially iron polymaltose and
iron carboxymaltose) should be avoided in treating these
iron-deficient ADHR subjects, as these could cause pro-
found hypophosphatemia [58].

Regarding patients affected by HHRH, the standard
therapy requires long-term medical therapy with phosphate
supplements [94, 95], and not supplementation with vitamin
D, as for nutritional rickets [96], or if confused with XLH.
The addition of calcitriol to phosphate therapy may lead to
hypercalcemia, hypercalciuria, nephrocalcinosis, and possi-
bly renal insufficiency [97]. Oral phosphate supplementation
quickly improves rachitic bone disease in HHRH. However,
the long-term safety of this treatment is completely unknown
with respect to renal complications, such as renal calcifi-
cations, and whether hyperparathyroidism or enthesopa-
thies can develop, as in XLH [98]. Moreover, it is not clear
whether the renal phosphate-leak persists life-long or ther-
apy may be stopped, as in ADHR [99], and whether HHRH
tends to accelerate bone loss in adulthood, as reported in
some subjects affected by NaPi-2a mutations [100, 101].

Regarding XLRH, current treatments/interventions
include low sodium diet and thiazide diuretics to reduce
hypercalciuria, and the use of supplementations for
hypophosphatemia, hypokalemia, and acidosis. Treatment
with vitamin D should be used carefully to avoid exacerba-
tion of hypercalciuria [102].

Finally, the treatment of HVDRR in adulthood often con-
sists of modest oral calcium supplements, or no supplemen-
tation at all, since they can maintain normal serum calcium
levels and report near normal PTH [75]. In cases of partial
resistance to 1,25(OH),D;, the administration of pharmaco-
logical doses of vitamin D showed clinical and radiologic
improvement [75].

Conclusion

The main congenital conditions of hypophosphatemia
expressed in adults include several forms of hereditary
hypophosphatemic rickets/osteomalacia caused by differ-
ent pathogenetic mechanisms. These disorders are rare and
chronic diseases, and their clinical manifestations and com-
plications can alter the quality of life until adulthood. They
are multisystem diseases and, therefore, require adequate
multidisciplinary care, involving endocrinologists, ortho-
pedists, physiotherapists, and dentists. Differential diag-
nosis of hypophosphatemia is of fundamental importance
among the various potential causes. Unfortunately, there are
few investigations reported in literature on the long-term
management of hypophosphatemia in adulthood. Most of
the published studies concern the treatment of XLH with
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standard treatment. Studies have recently been conducted
on burosumab, an innovative therapy for XLH, and in the
future, data on this new treatment will emerge. In addition
to burosumab, other drugs that aim at the inhibition of the
effects of high FGF23 concentrations are under development
that might enter clinical use in the future.
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