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Abstract

Great strides over the past few decades have increased our understanding of the pathophysiology
of hypophosphatemic disorders. Phosphate is critically important to a variety of physiologic
processes, including skeletal growth, development and mineralisation, as well as DNA, RNA,
phospholipids, and signaling pathways. Consequently, hypophosphatemic disorders have effects
on multiple systems, and may cause a variety of nonspecific signs and symptoms. The acute
effects of hypophosphatemia include neuromuscular symptoms and compromise. However, the
dominant effects of chronic hypophosphatemia are the effects on musculoskeletal function
including rickets, osteomalacia and impaired growth during childhood. While the most common
causes of chronic hypophosphatemia in children are congenital, some acquired conditions also
result in hypophosphatemia during childhood through a variety of mechanisms. Improved
understanding of the pathophysiology of these congenital conditions has led to novel therapeutic
approaches. This article will review the pathophysiologic causes of congenital hypophosphatemia,
their clinical consequences and medical therapy.

Keywords
hypophosphatemia; XLH; rickets; fibroblast growth factor 23; FGF23

Address 1120 West Michigan Street, Gatch Building Room 365, Indianapolis Indiana 46112, United States of America, eimel@iu.edu,
Telephone: 13172741339.
Authors’ contributions: EAI completed all aspects of this work.

Declarations

Conflicts of interest/Competing interests: EAI has received research funding from Ultragenyx Pharmaceuticals and participated in
advisory boards.

Ethics approval: Not applicable

Consent to participate: Not applicable

Consent for publication: Not applicable
Availability of data and material: Not applicable
Code availability: Not applicable.

This Author Accepted Manuscript is a PDF file of an unedited peer-reviewed manuscript that has been accepted for publication but has
not been copyedited or corrected. The official version of record that is published in the journal is kept up to date and so may therefore
differ from this version.

Terms of use and reuse: academic research for non-commercial purposes, see here for full terms. https://www.springer.com/aam-
terms-v1


https://www.springer.com/aam-terms-v1
https://www.springer.com/aam-terms-v1

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Imel Page 2

Introduction:

Phosphate is critically important in childhood for a variety of physiologic processes,
including skeletal growth, development and mineralisation, as well as having important
intracellular roles in DNA, RNA, phospholipids, energy metabolism and signaling pathways.
Consequently, hypophosphatemic disorders have effects on multiple systems, and may cause
a variety of nonspecific signs and symptoms [1]. The acute effects of severe
hypophosphatemia include neuromuscular symptoms and compromised cardiac or
respiratory function [1]. However, these effects are not typical of the congenital
hypophosphatemias. Due to the importance of phosphate to hydroxyapatite and hence the
growth and mineralization of the skeleton, the dominant clinical features of chronic
hypophosphatemia during childhood are the effects on musculoskeletal function including
rickets, osteomalacia and impaired growth during childhood [2].

Hypophosphatemia at the growth plate has been proposed as a common unifying feature of
nearly all types of rickets (including nutritional rickets and vitamin D metabolism defects as
well as hypophosphatemic rickets) [3, 4]. Hypophosphatemia impairs apoptosis of growth
plate hypertrophic chondrocytes, resulting in expansion of this layer and impaired
mineralisation [3, 4]. This leads to the radiographic features associated with rickets
including widening, lucency, fraying and separation at the metaphysis of long bones [5].
Similarly at the osteoblasts, hypophosphatemia inhibits maturation and mineralization of
osteoid resulting in osteomalacia[4]. These rachitic changes at the growth plate and the
osteomalacia contribute to the skeletal deformities and overall growth impairment common
to the congenital hypophosphatemias.

Phosphate metabolism is discussed in greater detail in other sections of this special issue,
and is only briefly summarized here. Specifically in regards to the evaluation of
hypophosphatemic disorders in children, it is important to remember that the primary tissues
involved in regulating serum phosphate are the bone, intestine, kidney and parathyroid
glands, and the hormones involved include parathyroid hormone (PTH), Fibroblast growth
factor 23 (FGF23) and 1,25dihydroxyvitamin D [1,25(0OH),D] [6]. Important to the
pathophysiology of phosphate disorders, PTH stimulates 1-alpha-hydroxylase activity and
inhibits 24-hydroxylase activity (increasing 1,25(0OH),D), but FGF23 has the opposite
effects on vitamin D metabolism (decreasing 1,25(0OH),D). While 1,25(0OH),D upregulates
active phosphate transport in the intestines, PTH and FGF23 both downregulate renal tubular
phosphate reabsorption, via modifying the brush border expression of sodium phosphate co-
transporters.

Indeed, the primary mode of regulating the serum phosphate concentration is through
altering renal tubular phosphate transport to restore homeostasis. This can be assessed
clinically using the transport maximum of phosphate adjusted for glomerular filtration rate
(TmP/GFR), requiring measurement of fasting serum phosphate and creatinine,
simultaneous with a second morning urine void (or ideally a 2-hour morning urine
collection) for phosphate and creatinine[7, 8]. While a nomogram can be used to determine
the TmP/GFR [7], the nomogram does not incorporate the upper end of the normal range for
young children and a more accurate method for determining TmP/GFR in children uses the
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equation: Serum phosphate — [(Urine phosphate x Serum creatinine)/Urine creatinine] [8].
However, both methods typically will reliably detect low TmP/GFR in children. The normal
range for TmP/GFR in children generally is numerically similar to the normal ranges of
serum phosphate at each age.

The first step to clinical evaluation and management of pediatric hypophosphatemic
disorders involves recognizing the signs and symptoms of chronic hypophosphatemia,
including muscle weakness, rickets and impaired growth. Indeed, chronic hypophosphatemia
in childhood is usually detected due to presentation with rachitic deformities or occasionally
due to fragility or insufficiency fractures. Consequently, serum phosphate should be assessed
routinely in rickets and other pediatric musculoskeletal disorders, including assessment of
TmP/GFR if hypophosphatemia is present. The next step includes recognition that the
normal ranges for serum phosphate (Figure 1) and for TmP/GFR are higher in infants and
children than in adults, though the precise mechanism for this is not certain. This higher
range is necessary for appropriate mineralization of the growing skeleton. Failure to apply
appropriate normal ranges leads to missing or delaying the detection of hypophosphatemia.

If TmP/GFR is low during hypophosphatemia, then measurement of FGF23 can be useful.
Available assays include intact FGF23 assays that measure only the whole biologically
active molecule, and C-terminal FGF23 assays which detect the combination of intact
FGF23 and Cterminal fragments. While intact FGF23 levels appear similar when measured
in plasma or serum, the C-terminal FGF23 concentrations are much lower in serum
compared to plasma[9], and most publications reflect the plasma values of C-terminal
FGF23. C-terminal FGF23 ranges are reported to be higher in young children compared to
adults [10-17], while values of intact FGF23 are generally more similar across age
ranges[12-18]. In addition, some conditions raise C-terminal FGF23 fragments without
raising intact FGF23 such as iron deficiency (in which case phosphate is generally normal,
except in certain circumstances) [19], or hyperphosphatemic tumoral calcinosis (due to
impaired ability to secrete intact FGF23)[20].

General clinical features of congenital hypophosphatemic conditions.

The clinical presentation of chronic hypophosphatemia in childhood varies widely, but can
be similar across a range of pathophysiology. Infants with congenital forms may be detected
asymptomatically due to screening because of a parent or sibling having the disease.
However, outside of such screening, the typical presentation involves features of rickets,
especially bowing deformities of the lower limbs, along with frontal bossing,
dolichocephaly, widened wrists or ankles, costo-chondral junction enlargement, tibial torsion
and impaired growth (Table 1) [2]. However, the upper extremities are not usually bowed.
The severity of these deformities is highly variable though, even within a given genetic
cause or a given family. Delayed motor milestones or muscle weakness may also sometimes
be present, though these may be more pronounced in the most severe hypophosphatemia or
in conditions with delayed onset of hypophosphatemia. Patients may complain of limb pain.
Fractures are not the typical presentation of hypophosphatemic rickets in childhood (nor in
other forms of rickets), however they do sometimes occur and may be the presenting feature,
leading to detection of hypophosphatemia. As patients with a variety of causes of
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hypophosphatemic rickets grow, patients may manifest disproportionate limitations in
growth of the lower extremities compared to the trunk or upper extremities, and short stature
is common[21-23]. Additional clinical features of the various forms of congenital
hypophosphatemia are summarized in Table 2.

A detailed family history is often useful. The most common genetic hypophosphatemia is
Xlinked dominant hypophosphatemia (XLH), however, other inheritance patterns should
prompt considerations of autosomal recessive or autosomal dominant forms[24]. XLH is
also frequently caused by new sporadic mutations. Parents with milder manifestations of
genetic hypophosphatemias may also sometimes be first recognized in adulthood when their
child presents for evaluation. The time course and growth patterns of a patient may suggest
acquired forms versus missed congenital diagnoses in patients with apparent delayed
presentation of hypophosphatemia. However, in particular, autosomal dominant
hypophosphatemic rickets can have delayed onset of hypophosphatemia in adulthood[17]. A
dietary history should include the intake of calcium, phosphate, and vitamin D, as well as
use of amino acid based infant or pediatric formulae [25, 26]. A detailed medication history
may reveal other causes of impaired intestinal phosphate absorption or renal phosphate
losses. Additional history or exam features may point to specific etiologies.

A complete physical examination should detect features such as frontal bossing,
dolichocephaly, valgus or varus deformities, tibial torsion, inward toeing during gait,
apparent widening of joints, as well as length/standing height, sitting height and limb length.
Additionally, strength and joint range of motion are relevant to chronic hypophosphatemias.
A dental evaluation should note timing of eruption of primary and permanent dentition, as
well as periodontal disease and tooth abscesses. Skin features such as café au-lait macules or
epidermal nevi may point to specific underlying conditions.

Congenital hypophosphatemic conditions can be categorized as those involving low
TmP/GFR (indicating renal losses) and those having high TmP/GFR (involving appropriate
phosphate conservation), and also categorized according to whether or not the condition is
mediated by FGF23. While hypophosphatemia with high TmP/GFR is not due to FGF23
effects, hypophosphatemia with low TmP/GFR may or may not be mediated by FGF23.

Hypophosphatemia with high TmP/GFR

Conditions of chronic hypophosphatemia associated with high TmP/GFR may occur in
children, but are not typically congenital. Hypophosphatemia with a high TmP/GFR are due
to impaired intake or intestinal absorption, which are usually acquired conditions associated
with generalized malnutrition or use of phosphate binding agents[1]. The high TmP/GFR
indicates an appropriate response to renally conserve phosphate in the face of enteral
deficiency. If measured, FGF23 concentrations should be low, and 1,25(0OH),D
concentrations are often elevated. Elimination of the causative factor typically normalizes
phosphate metabolism. However, some conditions such as extreme prematurity where the
phosphate needs are higher, and use of certain infant or pediatric formulae may also
predispose to hypophosphatemia. Specifically “elemental” or amino acid based formulae
have been reported to cause chronic hypophosphatemia due to impaired intestinal phosphate
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absorption [25, 26], attributed to impaired bioavailability of phosphate and possibly
influenced by additional factors such as proton pump inhibitors. This hypophosphatemia
may be associated with skeletal manifestations including rickets and fragility fractures. It is
of note that the brand of formulae most associated with cases of hypophosphatemia
(Neocate) did make changes to its formulation in 2018[27], after the initial publication of a
large case series [25]. It is not yet clear whether this risk was eliminated by the change in
formulation or whether there are also patient specific factors that contributed to the risk.
However, in the original reports, switching formula did result in normalization of phosphate
metabolism.

Hypophosphatemia with low TmP/GFR

Hypophosphatemia with low TmP/GFR may be further categorized according to whether or
not it is mediated by FGF23 [1]. Several FGF23-mediated causes of hypophosphatemia have
led to important discoveries about the mechanisms of phosphate metabolism, which include
autosomal dominant hypophosphatemic rickets (ADHR), X-linked hypophosphatemic
rickets (XLH), autosomal recessive hypophosphatemic rickets (ARHR, due to mutations in
multiple genes), fibrous dysplasia (FD), epidermal nevus syndrome and tumor-induced
osteomalacia (T10). Non-FGF23 mediated causes of hypophosphatemia with low TmP/GFR
include hereditary hypophosphatemic rickets with hypercalciuria, Dent’s disease,
nephropathic cystinosis, and other congenital or acquired (drug induced) generalized renal
tubulopathies in various forms of Fanconi syndrome.

The FGF23-mediated hypophosphatemic disorders biochemically share common features
which are the consequence of excess FGF23 activity including low serum phosphate,
increased urinary phosphate excretion (or decreased TmP/GFR), normal serum and urine
calcium, high alkaline phosphatase (ALP), normal 25(OH)D, and decreased or
inappropriately normal 1,25(0OH),D [1]. While PTH is often cited as being normal in these
conditions, a secondary hyperparathyroidism is common even before treatment, which can
be exacerbated by treatment with phosphate [28]. In contrast, in those conditions that are not
mediated by FGF23, the 1,25(0OH),D may be elevated, with resultant increases in serum or
urine calcium.

X-linked hypophosphatemia (XLH)

XLH is the most common of the congenital hypophosphatemias and the most common
genetic form of rickets. The prevalence has been estimated at 1 in 20,000 to 25,000
persons[29, 30]. XLH is caused by a mutation in the PHEX gene. PHEXis expressed in
osteocytes and odontoblasts which also express FGF2331, 32]. PHEX deficiency leads to
increased gene expression of FGF23, and elevated FGF23 protein levels [31], which
decrease renal tubular phosphate reabsorption, causing hypophosphatemia, as discussed
above. Intact FGF23 is generally elevated in XLH, though upper normal range FGF23 may
also be seen[33]. While hypophosphatemia mediates most of the important clinical features
of XLH during childhood, other consequences of PHEX deficiency, such as increased
osteopontin[34], may also contribute to impaired skeletal mineralization and to features such
as tooth abscesses.

Calcif Tissue Int. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Imel

Page 6

At birth, patients do not typically have bowed legs or impaired growth, but evidence of
rickets develops over time and by 1 year of age many patients with XLH are manifesting
bowed legs, and concurrently begin to show growth impairments as they begin weight
bearing[23, 24, 30, 35]. Figure 2 shows the lower limb radiograph of a 15 month old male
with XLH demonstrating typical rachitic features. Despite conventional therapy however, the
mean height of adults with XLH remains < -2 SDS compared to country specific norms
[23]. The growth of the lower limbs is disproportionately impaired compared to that of the
upper limbs[23].

While medical treatments can improve the degree of skeletal deformity in growing children,
skeletal deformities in the lower limbs still often require surgical intervention to straighten
long bones and alignment or to correct torsional abnormalities[30]. Osteotomies with
internal or external fixation, or guided growth procedures using plates across the physis of
the distal femur or proximal tibia are used to correct these deformities[36]. Challenges exist
regarding the optimal timing for such procedures. Guided growth procedures must be
completed while there is still time for sufficient growth, while osteotomies may be better
performed when growth is near complete because of concerns for recurrence of the
deformity. While patients often start with bowing deformities, valgus deformity of the knees
can develop over time.

Tooth abscesses and periodontal disease are very common with 62—-78% of adults having
moderate to severe dental disease, often result in tooth loss[37, 38]. However tooth abscesses
are also very common in children with XLH [30]. Teeth of XLH patients demonstrate
impaired mineralization of the cementum and dentin [34]. The role of hypophosphatemia
itself in the dental phenotype is supported by studies that suggest treatment with phosphate
and active vitamin D is beneficial for reducing, though not eliminating, these dental
complications [37, 38].

Pseudofractures are a common complication of osteomalacia in adults with XLH,
contributing to bone pain. Retrospective studies suggested that fractures may not be
increased in XLH patients based on patient self-report[39, 40]. However, when subjected to
skeletal radiographs in cross sectional studies, up to half of adults with XLH have active
fractures or pseudofractures detected [41, 42]. This suggests that unrecognized
pseudofractures likely contribute to the symptomatology of XLH. However, fractures have
not been commonly reported among children with XLH

Enthesopathy and osteoarthritis become important clinical complications of XLH in
adulthood, and though not generally described in children, affected parents often worry
about their children growing up to have similar degrees of debility to themselves.
Enthesopathy is common at the spine, shoulders, hips, knees, ankles and feet, approaching
100% in some studies, leading to osteophytes and contributing to limited joint range of
motion, pain and quality of life impairments, especially when severe[41, 43, 44]. Orthopedic
procedures for joint replacements are also quite common in adults with XLH, generally at a
younger age than unaffected adults[45]. Several neurologic issues are important to patients
with XLH. Skull shape abnormalities are common and are related at least in part to early
suture fusion. Craniosynostosis occurred in one study in 59%, especially of the sagittal
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suture[46]. Furthermore, the posterior fossa is more shallow, likely contributing to the
observed 25% rate of Chiari type 1 malformations[46—48]. Sensorineural hearing loss may
be seen in childhood (9%) but becomes more frequent in adulthood (29-82% in various
studies)[39, 49, 50]. Enthesopathy of the spine can lead to spinal stenosis, nerve
compression and myelopathy in at least 12 % of adults[51].

Autosomal Dominant Hypophosphatemic Rickets (ADHR) due to FGF23 mutations

The gene for FGF23 was discovered during linkage studies searching for the genetic cause
of autosomal dominant hypophosphatemic rickets (ADHR)[52]. This mutation changes
arginine amino acids at an RXXR cleavage motif and causes impaired cleavage of the
FGF23 protein from the active hormone to inactive fragments[53]. The expected
biochemical phenotype of hypophosphatemia and impaired activation of vitamin D results
from elevated FGF23 in ADHR. However ADHR is unique among the inherited phosphate
disorders in that the gene mutation itself is not solely responsible for the phenotype, and
there is an interaction with an acquired condition, namely iron deficiency[19, 54]. Although
autosomal dominant hypophosphatemic rickets (ADHR) can present as a congenital
hypophosphatemia, it does not always[17, 55]. ADHR has a clinical phenotype that can
change from normal to hypophosphatemic and back again spontaneously. Thus, ADHR may
present in childhood with hypophosphatemic rickets and osteomalacia. However, kindreds
with ADHR have also demonstrated clear examples of normophosphatemia during
childhood with normal growth and development, and subsequent onset of hypophosphatemia
with severe osteomalacia and complications such as pseudofractures, muscle weakness and
bone pain[17, 55]. This delayed onset of hypophosphatemia characterizes about half of the
adult ADHR patients we have studied. This delayed onset also means that ADHR should
always be considered in the differential diagnosis for patients with a clinical presentation
suggesting possible tumor induced osteomalacia, as the severity of acquired
hypophosphatemic symptoms is often similar. The hypophosphatemic patients also
sometimes normalized their serum phosphate concentrations, apparently spontaneously[17,
55]. The periods of hypophosphatemia are driven by excess intact FGF23, while during the
quiescent phases, the intact FGF23 and serum phosphate concentrations become normal[17,
19].

Clinical and animal model studies have demonstrated the mechanism of this effect is due to
iron stores[19, 54]. Animal models have demonstrated that in the setting of iron deficiency
Hiflalpha accumulates leading to increased FGF23 gene expression[54]. The increased
FGF23 protein that is produces is normally cleaved to maintain normal intact FGF23 levels
and normophosphatemia generally persists, as is demonstrable by an inverse relationship
between serum iron or ferritin concentrations and C-terminal FGF23 concentrations in
otherwise healthy patients, but absence of a relationship between iron or ferritin with intact
FGF23 concentrations[19, 56-59].

However, this adaptation to maintain normal intact FGF23 can be disrupted. If iron
deficiency occurs in persons having the ADHR mutation in the FGF23 gene, cleavage of the
protein is impaired, leading to elevated intact FGF23 concentrations and resultant
hypophosphatemia[19]. Thus, women with ADHR are particularly at risk for developing
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hypophosphatemia during their reproductive years. The importance of iron to this phenotype
was recently demonstrated in both a case report and a prospective clinical trial
demonstrating resolution of hypophosphatemia and normalization of FGF23 concentrations
in iron deficient patients with ADHR after oral iron supplementation[60, 61]. Thus, testing
for iron deficiency and maintaining normal iron stores may restore phosphate homeostasis in
ADHR. Unfortunately data from both mouse studies and cross sectional human studies
would indicate that iron deficiency effects do not influence intact FGF23 concentrations in
the related disorder, XLH[62, 63].

The story of iron and FGF23 is even more complex, however. Importantly, while oral iron
supplementation in iron deficient ADHR patients is recommended, intravenous iron
administration could be detrimental. This is because, for reasons that are not yet understood,
some intravenous iron formulations given to iron deficient patients can trigger an acute and
prolonged rise in intact FGF23 and resultant hypophosphatemia[64—69]. Remember that
FGF23 gene expression is elevated in the setting of iron deficiency, even among patients
without FGF23 mutations. Several case reports and now multiple prospective clinical trials
have clearly demonstrated that intravenous iron in this setting can cause an acute rise in
intact FGF23, which is thought to be due to some other factor, possibly the carbohydrate
moiety of the iron infusion, impairing cleavage of FGF23[64-69]. Indeed, the propensity to
develop hypophosphatemia after intravenous iron varies with the formulation, with most
reports citing iron carboxymaltose or iron polymaltose. This is clinically important in non-
ADHR patients who may manifest severe osteomalacia or other hypophosphatemic signs
and symptoms. In a patient with already impaired FGF23 cleavage due to ADHR, the effect
might be worse, though we deliberately did not attempt intravenous iron in our prospective
iron clinical trial for ADHR, for patient safety[60].

Autosomal Recessive Hypophosphatemic Rickets (ARHR)

Mutations in multiple genes are noted to cause rare autosomal recessive forms of
hypophosphatemic rickets mediated by FGF23 excess. These conditions have varied
additional phenotypic features as well. Overall, forms of ARHR are far more rare than XLH.

Loss of function mutations in dentin matrix protein 1 (DMPI) lead to severe rickets and
osteomalacia in both humans and mouse models[70, 71]. Patients and mice have defective
organization of osteocyte lacunae, and elevations of FGF23gene expression, with resultant
increases in serum FGF23 that are not observed in heterozygotes[70]. Patients with DMP1
mutations also develop short stature, deformation of long bones, and enthesopathies, similar
to XLH [72]. Dental abscesses and enlarged pulp chambers are also seen, consistent with the
importance of DMP1 to dental development[72, 73]. In a mouse model, ablation of FGF23
ameliorated the osteomalacia in the DMP1 null mouse[74].

Mutations in ecto-nucleotide pyrophosphatase/phosphodiesterase 1 (ENPPI) cause
generalized arterial calcification of infancy (GACI) resulting in calcification and stenosis of
medium to large arteries[75-79]. Multiple deleterious mutations in this gene have been
reported, which impair generation of the mineralization inhibitor pyrophosphate[80]. This
condition is often lethal in infancy (66% of cases in one series)[77]. However, of those
treated with bisphosphonates 65% survived past infancy versus only 31% of those not
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treated with bisphosphonates [77]. Knockout mice for enppl demonstrate increased gene
expression for FGF23and hypophosphatemia [81], and patients with ENPP1 mutations also
have high FGF23 levels, which can result in hypophosphatemia[78, 79]. Some patients with
ENPP1 mutations are reported having hypophosphatemic rickets without GACI[78].
Interestingly, development of hypophosphatemia has also been associated with improved
survival in GACI[77]. Thus, there may be some concerns that treating the hypophosphatemic
rickets in this setting might increase risk of vascular calcifications. One case report in a
patient with symptomatic rickets suggests that treating the hypophosphatemia with calcitriol
and phosphate did not worsen vascular calcifications[82]. While PHEX or DMP1
deficiencies cause lower cementum mineralization, mutations in ENPPI cause increased
cementum thickness and density leading to delayed exfoliation of primary teeth and
disruption of tooth movement[83]. Ligament calcifications and enthesopathies also occur[84,
85].

Raine syndrome is an osteosclerotic bone disorder with cerebral calcifications. Siblings were
reported with a non-lethal form of Raine syndrome due to recessive FAM20C (family with
sequence similarity 20, member C) mutations[86] having tooth decay, osteosclerosis of long
bones, cerebral calcifications and facial and acral dysmorphisms, and the unexpected finding
of hypophosphatemia due to elevated FGF23 levels. Inactivation of FAM20C in mice and
cell lines leads to high FGF23 expression[87]. FAM20C phosphorylates FGF23, which
inhibits O-glycosylation by GALNT3, thus promoting FGF23 cleavage to limit intact FGF23
secretion[88]. Thus, loss of FAM20C allows for increased secretion of intact FGF23, and
resulting hypophosphatemia.

Fibrous Dysplasia (FD) of bone and similar disorders

Fibrous dysplasia of bone is genetic in nature but does not usually present with congenital
features. However, hypophosphatemic bone disease may present during childhood in
patients with fibrous dysplasia. Fibrous dysplasia of bone is typically due to post-zygotic
mutations in GNAS, and may occur in isolation (as monostotic or polyostotic forms) or as
part of the McCune-Albright Syndrome[89]. The somatic mutations result in constitutive
activation of adenylyl cyclase in those cells[90]. In cross-sectional studies, half of patients
with fibrous dysplasia demonstrate renal phosphate wasting mediated by high FGF23
concentrations, which correlate to the total body burden of fibrous dysplasia though rickets
is a rare complication in FD [91, 92], likely because most of the FGF23 produced by the
affected cells is cleaved[93].

Post-zygotic somatic activating mutations in HRAS, KRAS, and NRAS cause linear nevus
sebaceous syndrome (LNSS),a neurocutaneous disorder affecting the skeletal and central
nervous systems with prominent seizures and neurodevelopmental abnormalities[94, 95].
Patients with LNSS develop skeletal lesions consistent with fibrous dysplasia along with
hypophosphatemic rickets due to elevated FGF23 levels [96]. Evidence suggests the most
likely source for the excess FGF23 production in these patients is the bony fibrous dysplasia
lesions[97].

Patients having the autosomal dominant disorder of osteoglophonic dysplasia also have non-
ossifying bone lesions similar in radiographic appearance to fibrous dysplasia, along with
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systemic skeletal dysplastic features of rhizomelic dwarfism, craniofacial defects, and
hypodontia. This disorder is caused by dominant activating mutation in the FGFR1
receptor[98, 99]. Hypophosphatemia in this condition has been demonstrated to be due to
elevated FGF23 levels hypothesized to be from the non-ossifying bone lesions.
Mechanistically it should be noted that in cell culture and animal models the activation of
FGFR1 in osteoblasts or osteocytes stimulates FGF23 production[100, 101], while in the
hyp (XLH) mouse model, deletion of FGFRI from the osteocytes partially suppresses the
excess FGF23 production [102].

Hypophosphatemia with low TmP/GFR and suppressed FGF23.

Several forms of congenital hypophosphatemia involve renal phosphate losses due to issues
endogenous to the renal tubule, in which case FGF23 decreases as the appropriate
homeostatic response. Here some notable examples are presented.

Hereditary hypophosphatemic rickets with hypercalciuria (HHRH)

Hereditary hypophosphatemic rickets with hypercalciuria (HHRH) is a rare autosomal
recessive disorder due to loss of function mutations affecting the sodium phosphate co-
transporter type 2c[21]. Affected individuals may present with signs of rickets and
osteomalacia (bone pain, lower limb deformities and gait abnormalities) and/or
nephrolithiasis or nephrocalcinosis. Since in this setting the primary defect is in renal
phosphate transporters, FGF23 is not involved in the pathophysiology and is decreased. As a
result, 1,25(0OH),D levels become elevated, resulting in increased intestinal calcium
absorption, and hypercalciuria in addition to their renal phosphate losses. Thus, patients with
HHRH have a strong propensity to nephrocalcinosis and nephrolithiasis, even without
medical therapy. In fact, even heterozygous family members are at risk for hypercalciuria,
nephrocalcinosis and nephrolithiasis[103]. Although usually presenting in childhood, a
homozygous case with late onset of clinical manifestations with nephrolithiasis and
osteoporosis has been described[104].

HHRH is important to distinguish from other causes of congenital hypophosphatemia as the
treatment is different in important ways. Patients with HHRH are treated using monotherapy
with phosphate salts, without active vitamin D[104], while FGF23 mediated
hypophosphatemia is never treated with phosphate alone[24]. Active vitamin D would be
contraindicated in HHRH since the 1,25(0OH),D is high, and adding active vitamin D could
worsen hypercalciuria or cause hypercalcemia. However, treating HHRH with phosphate
monotherapy does improve the rachitic bone disease, while such treatment is not sufficient
for XLH.

Autosomal dominant hypophosphatemic rickets due to SGK3 mutations.

Another autosomal dominant form of hypophosphatemic rickets was recently described.
Mutations in the gene for serum-and glucocorticoid-inducible kinase 3 (SGK3) were
reported in one kindred as a cause of hypophosphatemic rickets due to impaired renal
phosphate reabsorption [105]. The mutation, a splice mutation that resulted in exon 13
skipping and in frame deletion of 29 amino acids, affects the protein kinase domain. SGK3
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null mice demonstrate mild hyperphosphaturia with normal serum phosphate [106]. The
mechanism for phosphaturia is not fully understood. These mice did not have alterations in
gene expression or brush border membrane protein for sodium phosphate cotransporters.
However, coexpression of SGK3 with sodium-phosphate cotransporter type 2a in Xenopus
oocytes, enhanced both sodium-phosphate cotransporter type 2a surface expression and
phosphate transport [106], suggesting that lack of SGK3 can alter phosphate transport by
impairing function of this transporter.

SGK3 null mice also had lower plasma 1,25(0OH),D and FGF23 concentrations compared to
wild type [106]. In the only kindred reported so far with hypophosphatemia due to SGK3
mutations, low or low normal 1,25(OH),D was seen, but calcium was normal [105]. FGF23
was tested in 3 affected patients. One had high C-terminal FGF23 and intact FGF23 that the
authors attributed to iron deficiency, while the other two had normal C-terminal FGF23 and
intact FGF23 concentrations. The authors concluded that this was not FGF23 mediated
hypophosphatemia, but acknowledged that FGF23 might still also be dysregulated since it
was not fully suppressed despite hypophosphatemia.

Other tubulopathies

Several forms of general renal tubulopathy may present in childhood and should be
recognized as being FGF23-independent. In general, these share the features of Fanconi
syndromes having renal losses of multiple substrates besides phosphate to varying degrees,
such as calcium, potassium, glucose, salt, magnesium, and amino acids or frank proteinuria.
Thus, it is worth evaluating children presenting with renal hypophosphatemia for other
evidence for tubulopathy. Some examples are included below.

Sodium phosphate co-transporters type 2a

Mutations affecting sodium phosphate co-transporters type 2a do not merely cause
hypophosphatemic rickets but instead have been described causing an autosomal recessive
Fanconi syndrome with proximal tubular renal phosphate losses, amino aciduria and
glucosuria[107]. These patients also had absorptive hypercalciuria due to high 1,25(0OH),D.
These mutations resulted in a failure to transport the mutant protein to the membrane and the
general tubulopathy was hypothesized to be due to resulting intracellular accumulation and
tubular damage.

Dent’s disease

Dent’s disease is an X-linked recessive form of hyphophosphatemia which may also present
with a variable phenotype including hypophosphatemic rickets and osteomalacia along with
high 1,25(0OH),D, hypercalciuria[108]. Proteinuria is a prominent feature. Nephrocalcinosis
or nephrolithiasis is common, and this condition leads to chronic kidney disease and often
renal failure by adulthood. Dent’s disease is caused by loss of function mutations in the gene
for chloride channel 5 or by certain mutations in OCRL 1 (a gene in which different
mutations cause Lowes syndrome), both of which result in impair lysosomal trafficking in
the renal tubule[108].
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Nephropathic cystinosis is an autosomal recessive disease where mutations in the CTNS
gene, which encodes the lysosomal cystine transporter cystinosin, causes accumulation of
stored cystine in lysosomes and subsequent tissue damage in many organs [22]. In the
nephropathic form, infants present with a Fanconi syndrome with urinary losses of
electrolytes, minerals including calcium and phosphate, water, glucose, bicarbonate and
amino acids. The resulting metabolic bone disease causes rickets and poor linear growth.
Repletion of phosphate is necessary to treat the rickets, and active vitamin D is added, but
patients must be carefully monitored for hypercalciuria[22]. Disease targeted treatment with
cysteamine can delay end organ damage in the kidney and other tissues.

Medical treatment

XLH was originally categorized as a vitamin D resistant rickets due to the inability to cure it
by repleting nutritional forms of vitamin D; consequently very high doses were used[109].
Adding oral phosphate was helpful, but oral phosphate alone was ineffective at treating the
rickets in growing children[110]. In addition, phosphate dosing increases the risk for
hyperparathyroidism. Multiple investigators subsequently demonstrated that addition of
active forms of vitamin D was necessary to treat rickets and osteomalacia in patients with
XLH[111-113], and this has been the conventional form of therapy for over 40 years. Thus,
treatment with active forms of vitamin D and phosphate salts address the downstream
biochemical consequences of excess FGF23. However, such treatment does not improve the
TmP/GFR.

Published recommendations vary widely for both phosphate and active vitamin D doses.
This is in part due to varied individual patient response to a given dose, side effects of
therapy and a lack of systematic trials to determine the optimal dose regimen. However, in
general starting doses of phosphate are recommended between 20-60 mg/kg per day and
must be given in doses divided 4 or 5 times a day, while calcitriol doses range from 20-40
ng/kg per day and alfacalcidol 30-50 ng/kg per day with titrations depending on effect,
safety parameters and tolerability[24, 30]. Overall treatment must be individualized. Some
children may do well on smaller doses while some may require higher doses to heal rickets
and osteomalacia. Gastrointestinal tolerability including a laxative effect of phosphate
necessitate starting at lower doses and titrating upward generally.

Dosing is also limited by important side effects including hyperparathyroidism and
nephrocalcinosis[114-117]. Secondary hyperparathyroidism occurs in about 83% of
patients, while about 4% of children and 30% of adults develop tertiary
hyperparathyroidism[114]. Consequently, vigilant monitoring of laboratory values including
calcium, phosphate, creatinine and PTH are necessary to guide titration for safe
administration of therapy for XLH. Further, patients should be monitored for development of
hypercalciuria, which would necessitate a decrease in the dose of active vitamin D. Patients
should also be monitored with renal ultrasounds for development of nephrocalcinosis every
1 to 2 years. Radiographs should be conducted to follow for changes in rickets and limb
deformities.
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Studies have demonstrated that in growing children conventional therapy improves growth
and rickets, especially when imitated within the first 1 to 2 years after birth [35, 118].
However, it is also clear that skeletal outcomes are highly variable, and at the end of growth
the mean height is < -2 SDS compared to population normative values[23]. Assessment of
the results of these studies would indicate these growth deficits appear first around 1-2 years
of age shortly after beginning ambulation and worsen again during puberty. Despite
appropriate therapy, many children require corrective surgeries for lower extremity
deformities[30, 36].

As XLH is the most common congenital hypophosphatemic condition, its treatment has been
the most robustly studied, and generally medical treatment of FGF23 mediated
hypophosphatemia has followed the conventional therapy for XLH. Thus, patients with
ADHR, ARHR, fibrous dysplasia or linear sebaceous nevus syndrome have been managed
with phosphate plus active vitamin D. However, as described above, recent studies in ADHR
have indicated that the ADHR clinical phenotype is driven by iron deficiency, and that both
FGF23 and phosphate can be normalized in ADHR patients by repleting their iron stores
with oral iron supplementation[19, 60, 61]. In contrast, several hypophosphatemic
conditions that are not mediated by FGF23 have a component of hypercalciuria (such as
HHRH), in which case active vitamin D treatment is avoided as it may worsen the
hypercalciuria.

Anti-FGF23 antibody for XLH

Recently burosumab, a fully human monoclonal antibody to FGF23 was approved for
treatment of XLH in multiple countries[119, 120]. Burosumab is administered
subcutaneously in children over 6 months of age at doses of 0.8 to 1.2 mg/kg every 2 weeks,
with maximum doses of 90 mg. In adults with XLH, burosumab is given at 1 mg/kg every 4
weeks. Burosumab is described in detail in an accompanying article by Dr. Insogna in this
issue.

By binding FGF23, burosumab blocks the effects of FGF23 resulting in increased TmP/GFR
and hence serum phosphate in both adults and children [121-123]. Burosumab also
increases production of 1,25(0OH),D. Three trials have been conducted in children: two
phase 2 uncontrolled open labeled trials to establish doses in children ages 1-4 years
old[124] and in children ages 5-12 years old[121], and an open label randomized controlled
trial comparing to conventional therapy among children ages 1-12 at enroliment[125]. The
initial trial was conducted in children ages 5-12 years of age over 64 weeks of treatment and
established effective doses and identified more stable improvements of serum phosphate
better improvements in rickets with burosumab dosing every 2 weeks compared to every 4
weeks[121]. The second trial confirmed appropriate dosing, changes in serum phosphate and
rachitic improvements in children ages 1-4 years[124].

The phase 3 trial in children sought to determine the comparative effectiveness of switching
children from conventional therapy to burosumab versus continuing on conventional
therapy[125]. To date this has been the only trial of burosumab in adults or children to
include a comparison group treated with conventional therapy. Out of 122 children screened
55 (45%) failed screening due to insufficient severity of rickets, and 61 were randomized. At
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baseline the randomized groups had received prior conventional therapy for a mean of 3.3
and 4.3 years. In order to qualify for the trial, patients had to have evidence of active rickets
with a Thacher rickets severity score of at least 2 (where scores ranged from 0-10 with 10
being the worst and 0 being no active rickets). Each radiograph was assessed by three
radiologists blinded to treatment assignment and the scores averaged. Rickets was assessed
using two radiographic methods at the wrists and knees: the Thacher rickets severity score
(where decreasing score from baseline was better) and the Radiographic Global Impression
of Change (RGI-C, which is an ordinal scale ranging from negative scores indicating
worsening, 0 indicating no change, +1 minimal healing, +2 substantial healing and + 3
complete healing).

Both treatment groups demonstrated improvements of rickets by both scales. However, the
magnitude of improvement was greater in the group treated with burosumab than in the
conventional therapy group, including the primary outcome of RGI-C at 40 weeks [+1.9 (SE
0.1) vs +0.8 (SE 0.1) (p<0.0001)], and also at 64 weeks [+2.1 (SE 0.1) vs +1.0 (SE 0.1)
(p<0.0001)]. The Thacher rickets severity score decreased by —2.0 (SE 0.1) in the
burosumab group and by —0.7 (SE 0.1) in the conventional therapy group at 40 weeks
(p<0.0001). Those treated with burosumab had increases in fasting serum phosphate and in
TmP/GFR compared to those receiving conventional therapy, as well as greater decreases in
alkaline phosphatase, and increases in length/height Zscore.

Treatment requires careful blood and urine laboratory monitoring similarly to conventional
therapy, except burosumab is titrated to achieve serum phosphate within the lower end of the
normal range. Hyperphosphatemia should still be avoided, and would necessitate dose
decrease. During the initial titration phase, measuring serum laboratory tests every 2 to 4
weeks for calcium, creatinine and phosphate can help guide therapy. Alkaline phosphatase
and PTH are measured approximately every 3 months along with assessments of urine
calcium excretion. Further, renal ultrasounds should still be conducted to screen or follow
nephrocalcinosis.

The primary and most common adverse events in the burosumab trials in children were
transient injection site reactions[121, 124, 125]. The risk for nephrocalcinosis was similar
between groups during the trials[125, 126]. More tooth abscesses occurred during the study
period in the burosumab group than the conventional therapy group in children (over 64
weeks) or the placebo group in adults (over 24 weeks) [125, 126]. In an adult trial, those
treated with burosumab reported restless legs syndrome (11.8%) more frequently than
placebo treated adults (7.6%)[41].

The long term effects of burosumab on adult height reached in growing children, limb
deformities, need for skeletal surgery, tooth abcesses, nephrocalcinosis, hyperparathyroidism
and other complications of XLH remain to be determined. Importantly the clinical trials for
burosumab to date have only included XLH and tumor induced osteomalacia, and it is only
approved for XLH.
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Additional treatment considerations.

Extensive laboratory monitoring during treatment of hypophosphatemia is necessary for
both efficacy and for safety to ensure patients do not develop excessive hypercalciuria,
impaired kidney function or hyperparathyroidism. Serum and urine aboratory testing should
be conducted approximately every 3 months. Renal ultrasounds are monitored annually for
development of nephrocalcinosis. In the setting of nephrocalcinosis or chronic kidney
disease, it is useful to include monitoring by a pediatric nephrologist, if one is not already
involved.

An orthopedic surgeon with experience managing patients with congenital
hypophosphatemia is a critical member of the care team. Radiographs are needed to follow
for improvements in rickets, and changes in skeletal deformities to guide surgical
intervention or to evaluate areas of bone pain. Surgery may be needed to correct skeletal
deformities including bowing and torsion and resultant gait abnormalities, using osteotomies
or guided growth procedures. Orthopedic care may also be needed to treat fractures or
pseudofractures, though these seem to be a larger problem for adults. Physiotherapy is can
help increase mobility, especially during recovery from orthopedic injuries or surgery.

Dental abscesses are especially common among XLH patients, as well as periodontitis, but
dental complications also occur in other hypophosphatemic diseases. Good dental hygiene
and care with a dental provider are important for prevention and addressing dental
complications. Hearing loss is an under-recognized complication of XLH, including among
children, and patients may benefit from audiology evaluation. Obesity can contribute to
decreased mobility in patients with skeletal deformities. Involvement of a dietician to
provide guidance to assist weight management may be useful. Social work can help patients
address psychosocial aspects of their disease burden or to access resources. Patient support
groups provide an important source of information, advocacy and encouragement for
families.

There are several forms of congenital hypophosphatemias, with overlapping clinical features
especially regarding skeletal effects. These conditions though overall rare, result in
considerable medical burden to those affected both in childhood and as adults. Treatment
should be guided by whether conditions are mediated by FGF23 or by other mechanisms.
Recognition of hypercalciuria as part of the underlying disease in conditions such as HHRH
and Dent’s disease, or as a complication of therapy, is critical to safe management. For XLH
therapeutic options have been expanded to include conventional therapy (with phosphate and
active vitamin D) or monotherapy with burosumab, though the long term benefits and risks
of burosumab are not fully known. For ADHR evidence suggests that normalizing iron
stores with oral iron is therapeutic correcting the high FGF23. In all of the congenital
hypophosphatemic conditions, the treatment must be carefully monitored and individualized.
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Figure 1.
Normal serum phosphate concentrations decrease with age during childhood. Stylized

illustration adapted from the range tables provided by the Indiana University Health
Pathology Laboratory (Abbreviations: Mo, month; Yr, year)
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Figure 2.
Radiographs from 15-month-old male with XLH, demonstrating rachitic features in the

lower limbs including metaphyseal widening, lucency, fraying, and separation from the
epiphysis along with bowing deformities.
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Table 1.

General clinical features of congenital hypophosphatemias

Page 26

Rachitic features (varus or valgus deformity of lower limbs, torsion of tibia, widening of wrists, widened costochondral junction, frontal
bossing, dolicocephaly)

Gait abnormalities (waddling)

Impaired growth, short stature (disproportionately affecting lower limbs)

Delayed motor milestones (variable)

Muscle weakness (variable)

Fractures (though not a common presentation in children)

Tooth abnormalities (abscesses, periodontitis)
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