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Abstract

Purpose of review The purpose of this article is to review (1) the molecular mechanisms and
hormonal factors involved in phosphate handling and regulation, (2) how to appropriately
interpret serum and urine phosphate measurements in pediatric patients, (3) the patho-
physiology of hypophosphatemic and hyperphosphatemic conditions, and (4) current
strategies for treatment of hypophosphatemia and hyperphosphatemia in pediatric

patients. . e ]
Recent findings For decades, treatment of some hypophosphatemic conditions like X-

linked hypophosphatemic rickets (XLH), characterized by a primary increase in fibroblast
growth factor 23 (FGF23) activity, consisted of non-specific therapy with phosphate
supplementation and calcitriol administration. However, in the past few years,
burosumab, a targeted anti-FGF23 antibody, has been developed, representing a promis-
ing new medication for the treatment of pediatric XLH patients. The treatment of
hyperphosphatemic conditions like chronic kidney disease (CKD) consists of dietary
phosphate restriction and enteral phosphate binders; however, the development of new
binders and inhibitors of cellular phosphate transporters may offer additional treatment

options in the future. ] o ]
Summary The evaluation and treatment of disorders of phosphate balance in children is

complex, as numerous interrelated mechanisms and hormones are involved in phosphate
handling and regulation. Knowledge of the pathophysiology of hypophosphatemic and
hyperphosphatemic conditions informs optimal diagnostic and treatment strategies.
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Introduction

Phosphate is critically important in many aspects of
human physiology, including skeletal development,
bone mineralization, membrane composition, nucleo-
tide structure, and cellular signaling [1, 2]. Appropriate
handling of phosphate is essential in growing children,
as they require a positive phosphate balance to achieve
optimal skeletal growth and mineralization, with osteo-
malacia and rickets-like phenotypes resulting from neg-
ative phosphate balances.

Phosphate handling and regulation

Phosphate homeostasis depends on the regulated
partitioning of phosphate among multiple organ sys-
tems and fluid compartments, including the gastrointes-
tinal system, kidneys, bone, extracellular fluid and se-
rum, and intracellular fluid and soft tissue (Fig. 1).
Phosphate regulation is a complex process involving
many different transporters, enzymes, and hormones.
Dietary phosphate, the recommended daily allowances
of which vary by age (Table 1) [4], is absorbed from the
gastrointestinal tract via both transcellular and
paracellular mechanisms. Transcellular phosphate ab-
sorption is mediated by sodium phosphate
cotransporter 2b (NaPi2b), the expression of which is
upregulated by 1,25(OH), vitamin D3 (1,25D) and
downregulated by high luminal phosphate concentra-
tions [5¢]. PiT-1 and PiT-2 are other sodium-dependent
phosphate cotransporters that may contribute to active
transcellular phosphate absorption and may be

regulated by changes in dietary phosphate [5e].
Paracellular phosphate absorption is driven by
transepithelial phosphate concentration gradients, and
paracellular absorption increases as luminal phosphate
concentrations increase [5e].

Circulating phosphate is freely filtered by the kidney.
Under basal conditions, 80-90% of the phosphate fil-
tered by the glomeruli into the urinary space is
reabsorbed by the proximal tubules [6]. Transcellular
phosphate absorption in the proximal tubule cells is
mediated by apical sodium phosphate cotransporter 2a
(NaPi2a), sodium phosphate cotransporter 2c (NaPi2c),
and PiT-2 [7]. The main regulators of these proximal
tubule transporters are fibroblast growth factor 23
(FGF23), parathyroid hormone (PTH), and phosphate
concentrations. FGF23—a predominantly bone-derived
hormone, PTH, and high phosphate levels all induce
endocytosis and lysosomal degradation of NaPi2a,
NaPi2c, and PiT-2, thus lessening proximal tubule phos-
phate reabsorption and increasing phosphaturia [7]. In
addition to being phosphaturic hormones, FGF23 and
PTH also affect vitamin D metabolism. FGF23 decreases
expression of renal la-hydroxylase, the enzyme that
converts nutritional 250H vitamin D3 (25D) to active
1,25D, and increases expression of renal 24-hydroxylase,
the enzyme that converts 25D and 1,25D to inactive
metabolites, therefore overall decreasing renal 1,25D
production [7]. Conversely, PTH increases expression
of renal la-hydroxylase and decreases expression of
renal 24-hydroxylase, thus overall increasing renal
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Fig. 1. Overview of daily phosphate balance. In order to maintain phosphate balance, the amount of phosphate excreted by the
kidneys is equal to the net amount of phosphate absorbed from the intestinal tract. Adapted from Bacchetta and Salusky, Am J

Kidney Dis, 2012 [3]



Evaluation and Treatment of Disorders of Phosphate Balance

Hanudel 229

Table 1. Recommended dietary phosphate intake for children

Age

0-6 months 100 mg
7-12 months 275 mg
1-3 years 460 mg
4-8 years 500 mg
9-18 years 1250 mg

1,25D production [7]. Whereas FGF23 increases phos-
phaturia and decreases 1,25D-mediated enteral phos-
phate absorption, PTH increases phosphaturia but en-
hances 1,25D-mediated enteral phosphate absorption;
therefore, the overall phosphate-lowering effects of
FGF23 may be more pronounced than those of PTH.

Phosphate measurement

Measurement of phosphate concentrations in the serum
and urine can provide information regarding whether
the body is appropriately or inappropriately handling
and regulating phosphate. Phosphate concentrations
may be measured in mg/dl (conventional units) or in
mmol/l (SI units); the conversion formula is mg/dl x
0.323 = mmol/l. Of note, 85% of total body phosphate
is contained in the bones and teeth, 14% is in the soft
tissues, and only 1% is present in the extracellular fluid;
therefore, serum phosphate concentrations—a small
fraction of overall phosphate—may not always reflect
total body phosphate stores [7].

When interpreting serum phosphate concentrations,
it is crucial to recognize that normal ranges of serum
phosphate vary by age (Table 2) [4]. Importantly, a
serum phosphate concentration that is within the nor-
mal range for an adult or adolescent would be consistent
with hypophosphatemia in an infant or young child.

Adequate daily intake for infants/recommended daily allowances for children

Additionally, serum phosphate concentrations naturally
exhibit diurnal variation, nadiring in the late morning
(10a-11a), then increasing to a first peak in the late
afternoon (4p-5p), then slightly decreasing before rising
again to a second, higher peak in the early morning
hours (1a-3a), before steadily decreasing again to the
late-morning nadir [8-10]. During daytime hours, se-
rum phosphate concentrations can vary considerably,
with the difference between the late morning nadir and
the late afternoon peak being as much as 1 mg/dl [11].
Therefore, when interpreting serum phosphate concen-
trations, or comparing serum phosphate concentrations
measured on different days, the time of day at which the
measurements were made must be considered.

Therefore, appropriate interpretation of serum phos-
phate concentrations requires awareness of the normal
age-related ranges and diurnal variation patterns. Addi-
tionally, other factors may artifactually affect serum
phosphate concentrations. Hemolyzed samples may
have some degree of increased phosphate [12, 13]. Spu-
rious hyperphosphatemia may also be observed in sam-
ples contaminated with heparin [14] or tissue plasmin-
ogen activator [15, 16] (i.e., drawn from a central venous
catheter). Although potential post-prandial changes in
serum phosphate may be modest [17], measurement of
fasting serum phosphate is likely optimal.

Table 2. Normal serum phosphate concentrations for children

Age

0-6 months
7-12 months
1-5 years
6-12 years
13-18 years

Range

5.2 to 8.4 mg/dl
5.0 to 7.8 mg/dl
4.5 to 6.5 mg/dl
3.6 to 5.8 mg/dl
2.3 to 4.5 mg/dl
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To assess kidney phosphate handing, the fractional
tubular reabsorption of phosphate (TRP) can be calcu-
lated. TRP calculation requires concurrent measurement
of serum phosphate, serum creatinine, urine phosphate,
and urine creatinine. TRP is calculated as follows:

TRP = 1 (urine phosphate/serum phosphate)

(urine creatinine/serum creatinine)

A normal TRP is considered to be >0.85 (corre-
sponding to >85%) [18]; however, TRP can only be
interpreted in the context of the serum phosphate con-
centration. In general, in the setting of
hyperphosphatemia, the TRP should be decreased, and
in the setting of hypophosphatemia, the TRP should be
increased, consistent with appropriate renal compensa-
tion. In the setting of hypophosphatemia, an inappro-
priately low TRP may be consistent with pathologic
renal phosphate wasting,

Renal phosphate handling can be further assessed by
calculating the ratio of the tubular maximum reabsorp-
tion rate of phosphate to the glomerular filtration rate
(TmP/GFR). This parameter reflects the maximum renal
tubular phosphate reabsorption in mass per unit vol-
ume of glomerular filtrate, and corresponds to the the-
oretical lower limit of serum phosphate below which all
filtered phosphate would be reabsorbed [19]. Calcula-
tion of TmP/GEFR is as follows:

If the TRP is < 0.86, then there is a linear relationship
between the serum phosphate concentration and the
urinary phosphate excretion rate [19], and TmP/GFR is
defined as

Hypophosphatemic conditions

TmP/GFR = TRP x serum phosphate

If the TRP is > 0.86, then there is a curvilinear rela-
tionship between the serum phosphate concentration
and the urinary phosphate excretion rate [19], and
TmP/GEFR is defined as

TmP/GFR = a x serum phosphate, where o

(0.3 x TRP)
1-(0.8 x TRD)

If serum phosphate is measured in mg/dl, then
TmP/GFR is expressed in mg/dl of glomerular fil-
trate. Some age-related reference ranges for TmP/
GFR have been published as follows: neonates (4.4
to 10.6 mg/dl), 3-month-old infants (4.6 to
10.2 mg/dl), 6-month-old infants (3.6 to 8.0 mg/
dl), children and adolescents aged 2-15 years (3.6
to 7.6 mg/dl), and adults (2.5 to 4.2 mg/dl) [19].
Similar to TRP, in the setting of hypophosphatemia,
a low TmP/GFR is consistent with inappropriate re-
nal phosphate wasting, whereas a normal (or high)
TmP/GFR is consistent with appropriate renal phos-
phate conservation and a non-renal etiology of the
hypophosphatemia. In the setting of
hyperphosphatemia with normal kidney function, a
high TmP/GFR may be consistent with insufficient
renal phosphate excretion.

As shown in Table 3 and detailed below, hypophosphatemia can result
from decreased intestinal phosphate absorption, increased renal phosphate
excretion, increased FGF23 activity (resulting in both increased phospha-
turia and decreased 1,25D production), or shifts of extracellular phosphate
into cells. Based on this differential diagnosis, the initial workup of
hypophosphatemia includes calculation of the TRP and TmP/GFR, and
may include measurement of serum 25D, 1,25D, PTH, and/or calcium.
Circulating FGF23 concentrations are not routinely measured in most
clinical laboratories; however, it may be ordered on a send-out basis
(Mayo Clinical Laboratories). Depending on the FGF23 assay used, plas-
ma, instead of serum, may be required.
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Table 3. Causes of hypophosphatemia

Decreased intestinal phosphate absorption
Nutritional 250H vitamin D deficiency
Gastrointestinal malabsorption of 250H vitamin D
Increased catabolism of 250H vitamin D (e.g., chronic use of antiepileptic drugs)

Decreased conversion of 250H vitamin D to 1,25(0H), vitamin D (1a hydroxylase deficiency; vitamin D-dependent rickets
(VDDR), type 1)

Decreased vitamin D receptor response to 1,25(0H), vitamin D (vitamin D receptor mutation; vitamin D-dependent rickets
(VDDR), type 2)

Chronic use of medications that bind phosphate in the intestinal lumen (e.g., antacids containing aluminum, calcium, or
magnesium)

Increased renal phosphate excretion
Congenital proximal tubulopathy (e.g., cystinosis, tyrosinemia, galactosemia, Dent disease, Wilson disease, Lowe syndrome)
Acquired proximal tubulopathy (e.g., ifosfamide, cisplatin, aminoglycosides)

Loss of function sodium phosphate cotransporter 2a (NaPi2a) mutations; or mutations of the sodium hydrogen exchanger
regulatory factor 1 (NHERF1), resulting in decreased NaPi2a expression

Hereditary hypophosphatemic rickets with hypercalciuria (HHRH; loss of function sodium phosphate cotransporter 2c (NaPi2c)
mutations)

Hyperparathyroidism
Increased fibroblast growth factor 23 (FGF23) activity (increased phosphaturia and decreased 1,25(0H), vitamin D production)
X-linked hypophosphatemic rickets (XLH; inactivating PHEX mutation)
Autosomal dominant hypophosphatemic rickets (ADHR; activating FGF23 mutation)
Autosomal recessive hypophosphatemic rickets (ARHR), type 1; (inactivating DMP1 mutation)
Autosomal recessive hypophosphatemic rickets (ARHR), type 2; (inactivating ENPP1 mutation)
Tumor-induced osteomalacia (TI0; ectopic, unregulated FGF23 production)
Fibrous dysplasia/McCune-Albright syndrome (increased FGF23 production from dysplastic bone)
Certain intravenous iron preparations (ferric carboxymaltose, iron polymaltose, saccharated iron oxide)
Shifts of extracellular phosphate into cells
Increased insulin (e.g., refeeding syndrome)
Hungry bone syndrome
Acute respiratory alkalosis (e.g., salicylate poisoning)
Excessive cellular phosphate consumption (e.g., acute leukemia or lymphoma)

Decreased intestinal phosphate absorption

As 1,25D can regulate intestinal phosphate absorption [5¢], conditions that
decrease the concentration or activity of 1,25D may result in impaired enteral
phosphate absorption and hypophosphatemia. The substrate for 1,25D pro-
duction is 25D, so deficiency of nutritional 25D can result in reduced 1,25D
concentrations. As suggested by the American Academy of Pediatrics, nutrition-
al 25D deficiency is defined as a serum 25D concentration of less than 20 ng/ml
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[20]. The serum concentration of 25D that defines a state of sufficiency remains
controversial. The differential diagnosis of 25D deficiency includes limited
sunlight exposure, limited 25D intake (e.g., exclusively breastfed infants in the
absence of vitamin supplementation), conditions resulting in gastrointestinal
malabsorption of 25D (e.g., cystic fibrosis, Crohn’s disease, celiac disease), and
increased catabolism of 25D (e.g., chronic use of antiepileptic drugs) [20].

Rare genetic conditions, called vitamin D-dependent rickets, can present
with decreased 1,25D activity in the setting of sufficient 25D substrate. Vitamin
D-dependent rickets, type 1 (la-hydroxylase deficiency) is characterized by
impaired la-hydroxylase conversion of 25D to 1,25D, resulting in normal
25D levels, low 1,25D concentrations, and high PTH (induced by decreased
1,25D activity and/or hypocalcemia) [21]. Vitamin D-dependent rickets, type 2
(vitamin D receptor mutation) is characterized by sufficient 25D to 1,25D
conversion but impaired 1,25D binding to the vitamin D receptor, resulting
in normal 25D levels, high 1,25D concentrations, and high PTH (induced by
decreased 1,25D activity and/or hypocalcemia) [21]. Interestingly, many chil-
dren with vitamin D-dependent rickets, type 2, have some degree of alopecia
(suggesting a role for the vitamin D receptor in the regulation of hair growth)
[21].

Lastly, the chronic use of medications that bind phosphate in the intestinal
lumen can decrease the amount of phosphate available for enteral absorption.
Notably, antacids that contain aluminum, calcium, or magnesium can bind
enteral phosphate, and the chronic use of such medications, especially in the
setting of a low phosphate diet, may contribute to lower serum phosphate
concentrations [22].

Increased renal phosphate excretion

At baseline, the vast majority (80-90%) of phosphate filtered by the glomeruli
into the urinary space is reabsorbed by proximal tubule cells [6], mediated by
luminal phosphate transporters NaPi2a, NaPi2c, and PiT-2 [7]. Therefore,
abnormalities in renal proximal tubule cells or the specific phosphate trans-
porters may result in excessive phosphaturia and hypophosphatemia.

Generalized proximal tubular dysfunction, referred to as Fanconi syndrome,
may result in excessive phosphaturia. Etiologies of Fanconi syndrome include
congenital diseases, such as cystinosis, tyrosinemia, galactosemia, Dent disease,
Wilson disease, and Lowe syndrome, and acquired causes, such as administra-
tion of ifosfamide, cisplatin, or aminoglycosides [23]. As Fanconi syndrome is a
generalized proximal tubulopathy, the excessive phosphaturia may also be
accompanied by decreased bicarbonate reabsorption (proximal (type 2) renal
tubular acidosis), increased glucosuria, and/or low molecular weight (tubular)
proteinuria.

Rare loss of function mutations in the specific proximal tubule cell phos-
phate transporters can result in renal phosphate wasting and
hypophosphatemia. Mutations in the gene encoding NaPi2c lead to a disease
entity known as hereditary hypophosphatemic rickets with hypercalciuria
(HHRH). In HHRH, hypophosphatemia stimulates 1a-hydroxylase activity,
appropriately increasing 1,25D production [24]. Elevated 1,25D levels increase
intestinal calcium absorption and decrease PTH-mediated calcium reabsorp-
tion in the renal distal tubules, resulting in hypercalciuria, which increases the
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risk of kidney stones and nephrocalcinosis [24]. Mutations in the gene encoding
NaPi2a have been less frequently described. There are a few case reports de-
scribing hypophosphatemic patients with mutations in the genes encoding
NaPi2a and the sodium hydrogen exchanger regulatory factor 1 (NHERF1)
[6]; NHERF1 is involved in the transcription and proper intracellular trafficking
of NaPi2a [6].

As PTH downregulates proximal tubule cell phosphate transporters, hyper-
parathyroidism can result in decreased phosphate reabsorption and excessive
phosphaturia. PTH also increases 1,25D production, promoting enteral phos-
phate absorption. If PTH-induced increases in 1,25D-mediated enteral phos-
phate absorption do not fully compensate for PTH-induced phosphaturia, then
hypophosphatemia may result.

Increased fibroblast growth factor 23 (FGF23) activity

First characterized in 2000 [25], FGF23 is a predominantly bone-derived hor-
mone that both downregulates proximal tubule cell phosphate transporters,
inducing phosphaturia, and decreases 1,25D production, reducing enteral
phosphate absorption. Therefore, in the setting of normal kidney function,
excessive FGF23 activity can result in hypophosphatemia. Regulation of
FGF23 production is complex, involving several different enzymes. Inactivating
mutations in some of these enzymes can result in bone overproduction of
FGF23, leading to early-onset hypophosphatemic rickets. Similarly, activating
mutations of FGF23 itself can also cause early-onset hypophosphatemic rickets.

X-linked hypophosphatemic (XLH) rickets is the most common inherited
form of rickets, and is caused by inactivating mutations in the gene encoding
PHEX (phosphate regulating gene with homologies to endopeptidases on the X
chromosome) [6]. PHEX deficiency results in upregulation of FGF23 expression
and increased circulating FGF23 concentrations. Increased FGF23 activity
causes renal phosphate wasting and inappropriately low/normal 1,25D levels.
Autosomal dominant hypophosphatemic rickets (ADHR) is a rare disorder
characterized by mutations in the gene encoding FGF23 itself that render the
FGF23 protein more resistant to proteolytic cleavage [6]. These activating
mutations result in increased FGF23 activity, excessive phosphaturia, and inap-
propriately low/normal 1,25D levels. Autosomal recessive hypophosphatemic
rickets (ARHR), type 1 and type 2, are rare disorders characterized by mutations
in the genes encoding dentin matrix protein 1 (DMP1) or ectonucleotide
pyrophosphatase/phosphodiesterase 1 (ENPP1), respectively [6]. Similar to
XLH, these mutations can result in increased bone FGF23 production.

Other conditions can also result in increased FGF23 activity. Tumor-induced
osteomalacia (TIO) is an acquired, paraneoplastic syndrome of renal phosphate
wasting [1]. Most of the tumors associated with TIO are phosphaturic mesen-
chymal tumors, mixed connective tissue type (PMTMCT), occurring in soft
tissue and bone, and ectopically expressing and secreting FGF23 [1]. These
tumors are often difficult to detect as they are typically small, slow-growing,
and found in a wide variety of anatomic locations [1]. Fibrous dysplasia/
McCune-Albright syndrome is a rare, complex condition caused by gain-of-
function mutations in the gene encoding the stimulatory alpha subunit of the G
protein complex (GNAS) [26]. In this disorder, dysplastic bone is the source of
FGF23 overproduction, with more severe bone disease associated with higher
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degrees of FGF23 overproduction [26]. Lastly, similar to the stabilizing FGF23
mutations of ADHR, certain intravenous iron preparations, including ferric
carboxymaltose [27], iron polymaltose [28], and saccharated iron oxide [29],
inhibit FGF23 proteolytic cleavage, resulting in increased FGF23 activity and
hypophosphatemia [30].

Shifts of extracellular phosphate into cells

Besides decreased intestinal phosphate absorption, increased renal phosphate
excretion, and/or increased FGF23 activity, shifts of extracellular phosphate into
cells can lower serum phosphate concentrations. Increased insulin levels pro-
mote the transport of phosphate into skeletal muscle and liver [22]. Specifically,
in refeeding syndrome, the insulin surge can precipitate acute
hypophosphatemia [31]. Hungry bone syndrome is a condition characterized
by marked uptake of calcium and phosphate into bones post-
parathyroidectomy in hyperparathyroid patients [32]. Acute respiratory alkalo-
sis and excessive cellular phosphate consumption by tumor cells can also
decrease serum phosphate levels.

Hypophosphatemia treatments

Treatment of hypophosphatemia depends on the underlying cause, as reversal
of the underlying etiology may improve serum phosphate concentrations. For
instance, treatment of 25D deficiency-induced hypophosphatemia with chole-
calciferol or ergocalciferol supplementation can increase phosphate levels.
However, in other hypophosphatemic conditions, such as those characterized
by renal phosphate wasting, phosphate supplementation and/or administra-
tion of calcitriol (exogenous active 1,25D) may be required to increase serum
phosphate concentrations. Although treatment with phosphate supplementa-
tion and calcitriol can be effective in alleviating hypophosphatemia,
medication-associated complications can occur. Specifically, calcitriol can in-
crease serum calcium concentrations, resulting in hypercalcemia and hypercal-
ciuria. Increased urinary calcium can complex with urinary phosphate, engen-
dering renal tubular calcifications and nephrocalcinosis. Additionally, phos-
phate supplements can complex with calcium, precipitating intermittent hypo-
calcemia that stimulates PTH release despite concurrent calcitriol-induced PTH
suppression. This secondary hyperparathyroidism can worsen phosphaturia.
Therefore, when treating with phosphate supplementation and/or calcitriol,
in addition to assessing the effects on serum and urine phosphate levels, close
monitoring of serum calcium concentrations, the urine calcium/creatinine
ratio, and serum PTH is warranted.

For the past several decades, treatment of conditions like XLH has consisted
of conventional therapy of phosphate supplementation and calcitriol. Although
conventional therapy may improve serum phosphate concentrations, these
treatments can have adverse effects, may require administration of oral phos-
phate supplementation up to five times daily, and may not fully prevent the
lower limb deformities and/or suboptimal linear growth associated with XLH.
However, in the past few years, a promising new treatment for XLH has
emerged—burosumab, a neutralizing antibody to FGF23. As XLH is character-
ized by a primary increase in FGF23 activity, directly targeting FGF23 should
ameliorate XLH-associated symptoms and morbidity. Burosumab is injected
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subcutaneously every 2 weeks.

Since 2018, four studies have been published presenting clinical data on the
efficacy and safety of burosumab in children with XLH [33e]. In one case series
and two open-label phase 2 trials of burosumab treatment in pediatric XLH
patients (as young as 1-year-old), burosumab increased renal tubular phos-
phate reabsorption and serum phosphate concentrations, improved linear
growth and physical functioning, and decreased bone pain and rickets severity
[33e]. In 2019, Imel et al. published a randomized, active-controlled, open-
label, phase 3 trial of burosumab vs. conventional therapy (oral phosphate and
calcitriol) in 61 children with XLH aged 1-12 years, with a primary endpoint of
change in rickets severity at week 40 [34¢]. Compared with patients randomized
to remain on conventional therapy, patients randomized to switch from con-
ventional therapy to burosumab had significantly greater improvement in
rickets severity, and also had greater increases in TmP/GFR, serum phosphate,
serum 1,25D, and linear growth [34e]. Based on the clinical trial data presented
to date, a consensus statement was published in 2019, recommending the
consideration of burosumab in children at least 1-year-old with XLH, and in
adolescent XLH patients with overt bone disease refractory to conventional
therapy, complications related to conventional therapy, and/or inability to
adhere to conventional therapy [35]. Although the pediatric burosumab studies
did not observe excessive FGF23 suppression resulting in hyperphosphatemia
[33¢], close monitoring of serum phosphate concentrations is warranted to
inform appropriate dosing adjustments.

Hyperphosphatemic conditions

As shown in Table 4 and detailed below, hyperphosphatemia can result
from acute phosphate loading, decreased renal phosphate excretion,

Table 4. Causes of hyperphosphatemia

Acute phosphate load
Oral sodium phosphate laxatives

Sodium phosphate-containing enemas

Intravenous phosphate

Decreased renal phosphate excretion
Renal insufficiency/failure
Hypoparathyroidism

Decreased fibroblast growth factor 23 (FGF23) activity (decreased phosphaturia and increased 1,25(0H), vitamin D production)

Hyperphosphatemic familial tumoral calcinosis (HFTC; inactivating mutations of FGF23, GALNT3, or the gene encoding the

FGF23 co-receptor a-Klotho (akL))

Shifts of intracellular phosphate out of cells

Tumor lysis syndrome
Rhabdomyolysis
Acidosis
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decreased FGF23 activity (resulting in both decreased phosphaturia and
increased 1,25D production), or shifts of intracellular phosphate out of
cells.

Acute phosphate loading

Administration of an acute exogenous phosphate load over several hours can
overwhelm the renal capacity for phosphate excretion, increasing serum phos-
phate concentrations. Such exogenous sources of phosphate include oral sodi-
um phosphate laxatives, sodium phosphate-containing enemas, and intrave-
nous phosphate. Given the potential toxicity associated with these agents 36,
37], care must be taken when prescribing phosphate-containing laxatives and
enemas [38]. Specifically, the administration of phosphate-containing enemas
is contraindicated in patients with known or suspected gastrointestinal obstruc-
tion, and in children younger than 2 years of age [38]. Also, appropriate dosing
is paramount, as overdose and excessively frequent dosing can both result in
critical toxicity [38].

Decreased renal phosphate excretion

Kidney disease can impair renal phosphate excretion, resulting in
hyperphosphatemia. Acute or chronic decreases in glomerular filtration
rate can decrease the filtration and urinary excretion of phosphate. How-
ever, at least initially, normophosphatemia can be maintained as increased
secretion of the phosphaturic hormones FGF23 and PTH will decrease
proximal tubular phosphate reabsorption, thus increasing per nephron
phosphate excretion. Yet, when the glomerular filtration rate falls below
20 to 25 mL/min, renal phosphate reabsorption is thought to be maxi-
mally suppressed. At this point, urinary phosphate excretion may no
longer be able to completely offset phosphate intake, resulting in
hyperphosphatemia.

As PTH downregulates proximal tubule cell phosphate transporters,
hypoparathyroidism can result in increased phosphate reabsorption and
insufficient phosphaturia. Hypoparathyroidism can also result in de-
creased 1,25D production; however, if decreased 1,25D-mediated enteral
phosphate absorption does not fully offset the increased renal phosphate
reabsorption, then hyperphosphatemia may result.

Decreased fibroblast growth factor 23 (FGF23) activity

Decreased FGF23 activity results in decreased phosphaturia and increased
1,25D production, promoting hyperphosphatemia. Hyperphosphatemic famil-
ial tumoral calcinosis (HFTC) is a rare, heterogenous condition characterized by
decreased FGF23 activity, hyperphosphatemia, and resultant ectopic soft tissue
and vascular calcifications. In HFTC, FGF23 deficiency or resistance results from
(1) inactivating mutations in the gene encoding FGF23, (2) inactivating muta-
tions in the gene encoding N-acetylgalactosaminyltransferase 3 (GALNT3), an
enzyme that protects FGF23 from proteolytic cleavage, or (3) inactivating
mutations in the gene encoding a-Klotho, a critical co-receptor for FGF23
signaling [39, 40].
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Shifts of intracellular phosphate out of cells

Shifts of intracellular phosphate out of cells can increase serum phosphate
concentrations. In patients with large tumor burdens characterized by rapid cell
turnover (lymphomas and some leukemias), release of intracellular phosphate
into the circulation (tumor lysis syndrome) may occur with the initiation of
cytotoxic therapy, or may occur spontaneously [41]. In rhabdomyolysis, intra-
cellular phosphate is released from damaged cells. Acidosis can also promote a
transcellular shift of phosphate out of cells.

Hyperphosphatemia treatments

Treatment of hyperphosphatemia should address the underlying etiology. In
pediatric patients with chronic kidney disease (CKD), it is recommended that
elevated serum phosphate levels be lowered toward the normal range; doing so
often requires concurrent dietary phosphate restriction and enteral phosphate
binders [42]. In pediatric CKD patients with hyperphosphatemia, it is suggested
that dietary phosphate intake be reduced to 80% of the age-specific daily
adequate intake (Al) for infants, or 80% of the recommended dietary allow-
ances (RDA) for older children [42]. However, adherence to a phosphate-
restricted diet is difficult and, as protein sources contain high amounts of
phosphate, may limit adequate protein intake.

Therefore, most pediatric CKD patients with hyperphosphatemia also re-
quire enteral phosphate-binding agents. Enteral binders taken with meals com-
plex with phosphate in the intestinal tract, thus limiting phosphate absorption
by inhibiting passive paracellular diffusion [42]. Several phosphate binders are
available for clinical use, and the choice of which binder to use should take into
account adverse effect profiles, comorbidities, and concomitant medications.
Calcium-based phosphate binders, such as calcium carbonate and calcium
acetate, are effective in lowering serum phosphate concentrations, but may
contribute to hypercalcemia and extraskeletal calcification. In children with
CKD, it is suggested that the total dose of elemental calcium provided by
calcium-based phosphate binders and by dietary calcium not exceed twice the
age-specific Al or RDA for calcium [42].

Non-calcium-based enteral phosphate binders are also available. One of the
most commonly used non-calcium-based binders is sevelamer, a phosphate-
binding resin that is formulated as sevelamer hydrochloride and sevelamer
carbonate. Other non-calcium-based phosphate binders include lanthanum,
aluminum, and iron salts. Although effective in lowering serum phosphate
concentrations, lanthanum- and aluminum-based binders are not recommend-
ed for use in children, as lanthanum may pathologically accumulate in the bone
and liver, and aluminum retention may cause neurotoxicity and impaired bone
mineralization [42]. Recently, iron-based phosphate binders, such as ferric
citrate, have been shown to be effective in both controlling serum phosphate
levels and improving iron status [43], but their safety and efficacy in pediatric
CKD patients have not been systemically evaluated [42, 44].

Whereas enteral phosphate binders limit paracellular phosphate absorption,
other medications are in development that inhibit active transcellular NaPi2b-
mediated intestinal phosphate absorption [45]. Nicotinamide, the amide form
of vitamin Bs, inhibits NaPi2b expression and has been shown to be effective in
lowering serum phosphate concentrations in adult CKD patients [45].




238 Pediatric Nephrology (BP Dixon and E Nehus, Section Editors)

Summary

However, the safety and efficacy of nicotinamide use in pediatric CKD patients
have not been systemically evaluated [45]. Interestingly, a recent pre-clinical
study assessed the effects of a NaPi2a inhibitor in mice with normal and
impaired kidney function, observing dose-dependent increases in urinary phos-
phate excretion and decreases in serum phosphate concentrations [46].

The evaluation and treatment of disorders of phosphate balance in children is
complex, requiring a nuanced understanding of the interrelated mechanisms
and hormones involved in phosphate handling and regulation.
Hypophosphatemia may result from decreased intestinal phosphate absorp-
tion, increased renal phosphate excretion, increased FGF23 activity, and/or
shifts of extracellular phosphate into cells. Hyperphosphatemia may result from
acute phosphate loading, decreased renal phosphate excretion, decreased
FGF23 activity, and/or shifts of intracellular phosphate out of cells. Whereas
treatment for some hypophosphatemic conditions like XLH historically relied
on phosphate supplementation and calcitriol administration, the advent of
burosumab, an anti-FGF23 antibody, represents a promising new therapeutic
direction. The treatment of hyperphosphatemic conditions like CKD consists of
dietary phosphate restriction and enteral phosphate binders; however, the
development of new binders and sodium phosphate cotransporter inhibitors
may offer additional treatment options in the future.
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