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Abstract

Phosphorus has an essential role in cellular and extracellular metabolism; mainte-

nance of normal phosphorus homeostasis is critical. Phosphorus homeostasis can be

affected by diet and certain medications; some intravenous iron formulations can

induce renal phosphate excretion and hypophosphatemia, likely through increasing

serum concentrations of intact fibroblast growth factor 23. Case studies provide

insights into two types of hypophosphatemia: acute symptomatic and chronic

hypophosphatemia, while considering the role of pre-existing conditions and com-

orbidities, medications, and intravenous iron. This review examines phosphorus

homeostasis and hypophosphatemia, with emphasis on effects of iron deficiency and

iron replacement using intravenous iron formulations.

1 | INTRODUCTION

Phosphorus plays a critical biochemical role through its involvement in

cellular and extracellular metabolism, as an integral component of

nucleic acids, cell membranes, high-energy compounds (eg, adenosine

triphosphate [ATP]) utilized in metabolism, and through regulating the

activity of many enzymes. Phosphorus is also an important component

of the hydroxyapatite crystal, which provides mechanical strength to

mineralized tissues and participates in maintaining the proper pH of

extracellular fluids.1,2 Hypophosphatemia is a common laboratory

abnormality; however, hypophosphatemia is usually an incidental

finding, delaying its diagnosis.3 It is relevant to interpret serum phos-

phorus within age-dependent reference ranges for normal levels. In

adults, normal serum phosphorus is defined as a serum phosphorus

level of 2.5 mg/dL (0.8 mmol/L) or greater with the upper limit of nor-

mal of 4.5 mg/dL (1.45 mmol/L), but normal serum phosphorus levels

are considerably higher in children (4.5–6.5 mg/dL [1.45–2.10 mmol/L])

and newborns (4.3–9.3 mg/dL [1.4–3.0 mmol/L]).4,5

The prevalence of hypophosphatemia in the general population is

difficult to ascertain because hypophosphatemia is usually asymptom-

atic. Moreover, serum phosphorus is not routinely measured. By con-

trast, hypophosphatemia has been documented in 2.2%–3.1% of
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hospitalized patients and 29%–34% of patients in intensive care.6

Most cases of hypophosphatemia are the result of excessive renal

loss of phosphorus, but in some patients hypophosphatemia is a con-

sequence of inadequate gastrointestinal absorption or an insufficient

amount in parenteral nutrition formulations. Some medications have

also been associated with hypophosphatemia including specific for-

mulations of intravenous iron used to treat iron deficiency,3 the most

common cause of anemia.7 These iron formulations have been

associated with transient hypophosphatemia,8-12 which is usually

asymptomatic, although some cases of severe or protracted hypo-

phosphatemia have been reported.13,14 This review focuses on the

effects of iron deficiency and parenteral iron replacement on phos-

phorus homeostasis.

1.1 | Physiology of phosphorus homeostasis

Phosphorus is an abundant element with a widespread distribution.

Total body phosphorus in a 70 kg man is about 700 to 800 mg, most

of which is within bones and teeth in a complex with calcium as

hydroxyapatite; about 14% of phosphorus is in soft tissue in the form

of phosphate.1 Only 1% of phosphorus is in extracellular fluids1,2

where it exists as inorganic phosphate (H2PO4
− or HPO4

2−), and is

used as a buffer and for regulation of mineralization. Serum inorganic

phosphate represents only a very small percentage of total body

phosphorus; however, it can be readily measured and provides infor-

mation about the status of body phosphorus stores.

Within the cell, organic phosphorus is required for several enzy-

matic processes in glycolysis, ammoniagenesis, as well as in oxida-

tive phosphorylation, generating chemical energy by ATP formation

from adenosine diphosphate. It also influences hemoglobin's

oxygen-carrying capacity through its role in regulation of 2,3-

diphosphoglycerate synthesis. Moreover, phosphorus atoms are

components of DNA and RNA bases and phospholipids involved in

cellular structure and signaling.2

Phosphorus metabolism is regulated by a complex mechanism

affected by multiple hormones, influenced by diet, and modulated by

plasma pH.2,11 Serum phosphorus exhibits a circadian rhythm with

lowest levels in late morning and highest at 4:00 p.m. and at

4:00 a.m.,2,15 an important consideration when making clinical assess-

ments of serum phosphorus levels. Serum phosphorus concentrations

are rapidly increased by gastrointestinal absorption of phosphate after

meals. Absorption occurs principally in the duodenum and jejunum by

an active sodium-dependent cotransporter and para cellular sodium-

independent transport, and meals containing large amounts of phos-

phate can increase serum phosphorus levels within an hour of eating.

Plasma phosphorus enters extracellular fluid and is transported into

cells and the skeleton and is filtered in the kidney, with reabsorption

in the renal proximal tubule providing the ultimate control of phos-

phorus balance.11,16,17 About 85%–90% of phosphorus filtered into

the renal proximal tubule is reabsorbed by the kidney through the

sodium-phosphate cotransporters NaPi2a and NaPi2c.11,16

Fibroblast growth factor 23 (FGF23), parathyroid hormone (PTH),

and 1,25-dihydroxyvitamin D (1,25[OH]2D); the biologically active

form of vitamin D) are the principal regulators of phosphorus homeo-

stasis (Figure 1).18,19 Parathyroid hormone increases renal excretion

of phosphate by stimulating endocytosis of NaPi2a and NaPi2c from

the apical membrane of proximal tubule cells.11,20 Fibroblast growth

factor23 regulates serum phosphorus in a negative feedback loop

involving the kidney and parathyroid gland. Fibroblast growth fac-

tor23 is expressed primarily by mineralized tissue cells (ie, osteoblasts,

cementoblasts, and odontoblasts; Figure 2A)22 and synthesis is

increased in response to dietary load of phosphorus, elevated serum

levels of phosphorus,23 and 1,25(OH)2D,17,24 as well as by iron defi-

ciency.25 Fibroblast growth factor23 decreases renal phosphate

reabsorption by downregulating expression of NaPi2a and NaPi2c,11

thereby promoting phosphaturia. Fibrobalst growth factor23 also reg-

ulates vitamin D homeostasis26 directly by inhibiting transcription of

CYP27B1, the 25-hydroxyvitamin D 1α-hydroxylase, and indirectly

through upregulation of CYP24A1, the 24-hydroxylase,27 which

F IGURE 1 Phosphate
homeostasis in healthy
individuals.18,19 Phosphate
loading induces fibroblast growth
factor 23 (FGF23) and
parathyroid hormone expression,
stimulating tubular retrieval of the
phosphate channel NaPi-2a, thus
limiting phosphate reabsorption.
Two endocrine negative feedback
loops control FGF23 expression:
one involving parathyroid
hormone (left) and the other
involving vitamin D (right) [Color
figure can be viewed at
wileyonlinelibrary.com]
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results in reduced concentrations of 1,25(OH)2D
11 that further

decrease serum phosphorus levels.

Most FGF23 action requires binding to a co-receptor complex

composed of an FGF receptor (FGFR) and Klotho, which increases

FGFR-binding affinity of FGF23 by about 20-fold.28 There are four

different FGFR isoforms (ie, FGFR1-4), which are receptor tyrosine

kinases. Alternative splicing events can result in different types of

FGFR1-3 isoforms, designated as b-splice and c-splice variants, and

consequently, can lead to a broad spectrum of FGFRs having altered

FGF-binding specificities.29 Additionally, the affinity of these FGFR

isoforms for particular FGF ligands differs. In the presence of

α-Klotho, binding of FGF23 to c-splice variants of FGFR1-3 and to

FGFR4 can occur and result in activation of mitogen-activated protein

kinase signaling.30 Fibroblast growth factor receptor1c in concert with

α-Klotho appears to be the primary FGFR in FGF23's physiologic tar-

get organs. In contrast to FGFRs, which are ubiquitously expressed,

Klotho expression is limited to a few tissues, thus targeting action of

FGF23. The Klotho-FGFR complex is expressed primarily in the

kidney (proximal and distal tubules) and parathyroid gland.30,31 Some

rodent studies have shown binding of this complex on parathyroid

cells leads to downstream signaling pathways that decrease secretion

of PTH. In the kidney, activation of this complex suppresses 1,25

(OH)2D synthesis in proximal tubules. Thus, FGF23 appears to have

direct and distinct effects through the Klotho-FGFR complex in proxi-

mal and distal renal tubules.31 In proximal renal tubule cells, FGF23

binding leads to decreases in membrane expression of NaPi2a and

NaPi2c through activation of extracellular signal-related kinase 1/2

(ERK1/2) and serum/glucocorticoid-regulated kinase (SGK1) signaling

cascades.31,32 In distal renal tubules, activation of ERK1/2 and SGK1

signaling pathways stimulates the with-no-lysine kinase 1/4 complex,

which results in increased membrane expression of calcium and

sodium transporters and increased reabsorption of these minerals.31

Production of intact FGF23 (iFGF23) involves posttranslational

modifications that reduce furin-mediated peptide cleavage.17 By con-

trast, biologically inactive C-terminal fragments (cFGF23) are gener-

ated by furin cleavage of the intact protein.33 Both iFGF23 and

F IGURE 2 (A) Posttranslational cleavage of FGF23, which occurs primarily in mineralized tissue cells (eg, osteoblasts, odontoblasts and
cementoblasts), is an important but not well understood regulatory mechanism that modulates the biological activity of FGF23 during iron
deficiency and other pathological conditions.21 (B) Assays are available to measure both total and intact FGF23 but they are not standardized or
in wide clinical use. Adapted with permission from Wolf M, White KE. Coupling fibroblast growth factor 23 production and cleavage: iron
deficiency, rickets, and kidney disease. Curr Opin Nephrol Hypertens. 2014;23 (4):411-419. doi: 10.1097/01.mnh.0000447020.74593.6f ©2014
Lippincott Williams and Wilkins. Abbreviations: ADHR, autosomal dominant hypophosphatemic rickets; cFGF23, C-terminal region of FGF23;
CKD, chronic kidney disease, FGF23, fibroblast growth factor 23; hfTC; hyperphosphatemic familial tumoral calcinosis; iFGF23, intact FGF23
[Color figure can be viewed at wileyonlinelibrary.com]
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inactive cFGF23 fragments are present in the circulation. Because

commercially-available assays utilize antibodies that react with epi-

topes in the C-terminal region of FGF23, they detect biologically

active iFGF23 as well as inactive cFGF23, which is the predominant

immunoreactive form.21 By contrast, many investigators use research

assays that utilize antibodies which flank the furin cleavage site and

react only with iFGF23, but these are not yet approved for clinical use

(Figure 2). Under normal conditions, circulating iFGF23 and cFGF23

levels are relatively low, with a mid-range ratio of iFGF23 to cFGF23 of

approximately 0.5.21,34 Clinicians should recognize the limitations of

these different assays when interpreting circulating concentrations

of FGF23. For example, in patients with chronic kidney disease (CKD)

and autosomal dominant hypophosphatemic rickets (ADHR), the

iFGF23:cFGF23 ratio is ≥0.75. By contrast, patients with hyper-

phosphatemic familial tumoral calcinosis have very low serum iFGF23

but markedly elevated serum cFGF23.21

The available FGF23 assays differ from each other in the epi-

topes targeted and in reference ranges, and harmonization among

tests has not yet been undertaken.35 Key considerations for use of

FGF23 as a biomarker include proper sample preparation to ensure

stability of FGF23 ex vivo; the timing of measurement given the

diurnal variation of iFGF23 but only modest change in cFGF23

levels during the day; and accuracy and reproducibility of the

assays given limitations in the assays' functional ranges. None of

these assays have established reference ranges for age and renal

function.35

2 | HYPOPHOSPHATEMIA:
PRESENTATION, DIAGNOSIS, CAUSES, AND
TREATMENT

2.1 | Presentation

Signs and symptoms of hypophosphatemia are often nonspecific with

generalized weakness being the most common clinical feature. Severe

hypophosphatemia may cause neurological problems such as altered

mental status, dysarthria, neuropathy, muscle weakness, paresthesia, and

seizures.2,3,18 Acute, severe hypophosphatemia has been associated with

impaired respiratory and cardiac function as well as increased mortal-

ity.2,3,18 In some patients, muscle pain may accompany weakness, and

can indicate hypophosphatemia-induced rhabdomyolysis.3 Hyp-

ophosphatemic osteomalacia can occur with chronic hypophosphatemia.

2.2 | Diagnosis

Assays measuring inorganic phosphate in the blood are used to deter-

mine serum phosphorus, which is normally 2.5–4.5 mg/dL (0.80–-

1.45 mmol/L) in adults.2 However, because only a very small

proportion of total phosphorus is in circulation, the serum phosphorus

concentration may not be a reliable indicator of total body phospho-

rus content.2 Serum phosphorus varies with age, sex, time of day, and

food intake1,18; thus, it is important to use sex-related and age-related

reference values, and it is best to collect fasting blood and urine sam-

ples in the morning. The serum level of phosphorus exhibits a circa-

dian rhythm, with an estimated 30%–45% fluctuation between the

lowest and highest levels over 24 hours (Figure S1).2,15

A formal clinical classification of hypophosphatemia in drug trials

was often based upon the Common Terminology Criteria for Adverse

Events (CTCAE) versions 336 and 4,37 which used a grading scale for

hypophosphatemia based on actual serum phosphorus levels

(Table 1). By contrast, the latest version of CTCAE (v5.0 from

November 27, 2017) grades the severity of hypophosphatemia based

on clinical severity and necessity of intervention.38

2.3 | Causes

Hypophosphatemia is usually caused by acquired or genetic disorders

that result in excessive renal phosphate loss.25,39 Less commonly, hyp-

ophosphatemia is the result of inadequate nutritional intake or

impaired absorption of phosphorus (Table 2).3 Several methods can be

used to assess whether hypophosphatemia is caused by excessive

renal loss of phosphorus. Tubular reabsorption of phosphate (TRP)

can be calculated from serum and urine concentrations of creatinine

and phosphorus, obtained from a 4-hour to 6-hour collection of urine

in a fasting patient, with a serum sample obtained in the middle of the

collection interval. A more accurate assessment of renal phosphate

handling can be obtained from calculation of the renal phosphate

threshold normalized for the glomerular filtration rate (tubular maxi-

mum phosphate reabsorption per glomerular filtration rate,

TmP/GFR), which is determined most simply from the Walton and

Bijvoet nomogram using both serum phosphorus and TRP; low values

indicate renal phosphate wasting.2,3,18 It is important to note that the

Walton and Bijvoet nomogram may overestimate TmP/GFR in chil-

dren.42 Therefore, in children TmP/GFR is determined as TP/GFR,

which specifies tubular phosphate reabsorption under basal condi-

tions. Note, TP/GFR is based on simultaneous measurements of

serum and urine phosphorus (SP, UP) and serum and urine creatinine

(SCr, UCr; TP/GFR = SP_UP x [SCr/UCr]), which can be determined in

both the fasting and non-fasting child.42 The reference range for

TmP/GFR is dependent upon both age and gender.

Vitamin D deficiency is a common cause of acquired hyp-

ophosphatemia due to renal phosphate wasting induced by develop-

ment of secondary hyperparathyroidism (Table 2).6,18 In addition,

hypophosphatemia can result from a transcellular shift of phosphorus

from the extracellular milieu to intracellular stores, which can be severe

in cases with underlying phosphorus depletion. Under these conditions,

treatment of malnutrition (eg, with glucose-containing infusions or par-

enteral nutrition) can lead to “refeeding syndrome,” in which

carbohydrate-stimulated release of insulin leads to an acute shift of

phosphorus into cells, potentially resulting in severe and symptomatic

hypophosphatemia.6,18 The risk of insulin-induced hypophosphatemia

is also increased among patients with poorly controlled diabetes or dia-

betic ketoacidosis, as these patients exhibit total body phosphorus

KALANTAR-ZADEH ET AL. 609



depletion due to increased loss of renal phosphate associated with

hyperglycemia.6

Most genetic disorders that cause hypophosphatemia are

associated with increased renal phosphate wasting, and are usually

associated with increased circulating FGF23 levels.18 For example,

patients with ADHR have missense mutations in the gene encoding

FGF23 which alter the furin recognition site. These mutations pre-

vent proteolytic cleavage of iFGF23, thereby leading to increased

circulating levels of iFGF23, the active form of FGF23.21,33 By con-

trast, the mechanism for elevated serum concentrations of FGF23 in

X-linked hypophosphatemia (XLH), the most common form of

hypophosphatemic rickets, is less well understood. X-linked

hypophosphatemia is caused by inactivating mutations in the

phosphate-regulating endopeptidase homolog, X-linked (PHEX) gene,

but FGF23 is not a substrate for PHEX. Autosomal recessive

hypophosphatemia (resulting from mutations in the ectonucleotide

pyrophosphatase/phosphodiesterase 1 [ENPP1] and dentin matrix

protein 1 [DMP1] genes), are also associated with increased levels

of total FGF23 (measured as cFGF23).25,39 Certain neoplasms and

somatic genetic syndromes are also associated with excessive FGF23

production, such as hemangiopericytoma and other generally

benign mesenchymal tumors, fibrous dysplasia, and cutaneous-skeletal

hypophosphatemia syndrome.18

Genetic defects in vitamin D homeostasis lead to secondary

hyperparathyroidism, which leads to renal phosphate wasting.11,18

Loss of function mutations in the gene encoding the vitamin D

receptor cause vitamin D-dependent rickets type 2A.40

Inactivating mutations in genes for hydroxylases mediating pro-

duction of 1,25(OH)2D cause vitamin D-dependent rickets type

1A (1α-hydroxylase [CYP27B1]) and vitamin D-dependent rickets

type 1B (hepatic 25-hydroxylase [CYP2R1]). An activating muta-

tion in the CYP3A4 gene enhances oxidization of 1,25(OH)2D,

TABLE 1 National Cancer Institute's Common Terminology Criteria for Adverse Events Versions 336 and 437 compared to Version 538

Terminology Version 3: Metabolic/Laboratory and Version 4: Metabolism and Nutrition Disorders

Adverse event Short name

Grade

1 2 3 4a 5

Phosphate, serum-low
(hypophosphatemia)

Hypophosphatemia < LLN–2.5 mg/dL
< LLN–0.8 mmol/L

< 2.5–2.0 mg/dL
< 0.8–0.6 mmol/L

< 2.0–1.0 mg/dL
< 0.6–0.3 mmol/L

< 1.0 mg/dL
< 0.3 mmol/L

Death

Terminology Version 5 Metabolism and Nutrition Disorders

CTCAE term

Grade

1 2 3 4 5

Hypophosphatemia Laboratory finding
only and intervention
not indicated

Oral replacement
therapy indicated

Severe or medically
significant but not
immediately
life-threatening;
hospitalization
or prolongation
of existing
hospitalization
indicated

Life-threatening
consequences

Death

Abbreviations: CTCAE, Common Terminology Criteria for Adverse Events; LLN, lower limit of normal.
aV 4.0 also included “life-threatening consequences.”

TABLE 2 Etiology of hypophosphatemia. (Adapted From Imel and Econs3)

Increased renal excretion2,6,18,34,40,41 Impaired intestinal absorption/intake6 Transcellular shift2,6,18

• Vitamin D deficiency

� Acquired or genetic causes of supply, activation, or action

• Medications

� Diuretics (hydrochlorothiazide and triamterene)

� Corticosteroids

� Bisphosphonates

� Carbonic anhydrase inhibitors

• Fanconi syndrome

• Alcoholism

• Chronic kidney disease

• Iron formulations

Genetic disorders25,39

• X-linked hypophosphatemia

• Autosomal dominant hypophosphatemic rickets

• Autosomal recessive hypophosphatemic rickets

• Hereditary hypophosphatemic rickets with hypercalciuria

• Malnutrition

� Anorexia

� Low dietary intake of phosphorus

� Acquired vitamin D deficiency

• Bariatric surgery

• Phosphate-binding medications

� Sevelamer

� Antacids containing calcium,

magnesium, aluminum

• Alcoholism

• Diabetic ketoacidosis

• Refeeding syndrome

• Hyperventilation/respiratory

alkalosis

• Parathyroidectomy/hungry

bone syndrome

• Medications

� Catecholamines

� Salicylate poisoning

• Alcoholism
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leading to vitamin D deficiency (vitamin D-dependent rickets

type 3).40

Chronic hypophosphatemia may also arise from causes indepen-

dent of excess FGF23 or PTH, including primary defects in proximal

tubule absorption of phosphorus (Table 2).40 Fanconi syndrome (many

causes including Dent disease), hereditary hypophosphatemic rickets

with hypercalciuria, and other primary disorders of the renal proximal

tubule are associated with low or suppressed serum concentrations of

FGF23.25 It has been shown that mutations in sodium-phosphate

cotransporter genes involved in renal phosphate reabsorption,

SLC34A1 and SLC34A3, cause hypophosphatemia in idiopathic infan-

tile hypercalcemia and hereditary hypophosphatemic rickets with

hypercalciuria, respectively.43,44

Several medication classes are linked to hypophosphatemia

(Table 2, Table S1).3,6,45 Diuretics, corticosteroids including glucocorti-

coids, bisphosphonates, and carbonic anhydrase inhibitors can lead to

hypophosphatemia by increased renal secretion of phosphate; hyp-

ophosphatemia has also been associated with insulin therapy, agents

affecting acid–base balance as well as parenteral iron formulations, as

will be discussed further. Phosphate-binding medications can impair

intestinal absorption and intake of phosphorus, while catecholamines

and salicylate poisoning have been associated with hypo-

phosphatemia following a transcellular shift of phosphate.

Iron deficiency is the most common cause of anemia, with an esti-

mated global prevalence of 33%.46 Additionally, iron deficiency anemia

accounts for 50% of all anemia cases and affects an estimated 1.24 bil-

lion individuals worldwide,47 predominantly women and children7 and

is often seen in combination with other nutritional disorders. Vitamin D

affects iron homeostasis and erythropoiesis, and low vitamin D levels

have been associated with iron deficiency in both adults and chil-

dren.48,49 Synthesis of FGF23 as well as proteolytic inactivation of

iFGF23 is increased in proportion to the severity of iron deficiency in

humans.50 The increase in FGF23 results from an increase in FGF23

mRNA transcription, which has been demonstrated both in vivo (from a

low-iron diet) and in cultured cells (from treatment with an iron chela-

tor); this may be regulated by the transcription factor hypoxia inducible

factor-1α.34 The increase in FGF23 transcription and cleavage is stimu-

lated by not only iron deficiency, but erythropoietin and inflammation

as well.34 Iron deficiency and inflammation affect an increase in tran-

scription factor hypoxia inducible factor-1α, which is linked to increas-

ing FGF23 levels with involvement of erythropoietin.34 Moreover,

FGF23 mRNA is increased in cells cultured under hypoxic conditions.51

These studies suggest that bone-produced hypoxia inducible factor-1α

may represent a novel therapeutic target to reduce FGF23 levels, for

example in patients with CKD, to minimize the negative consequences

associated with FGF23 excess. Taken in context, there is overlap in

responses to iron deficiency and hypoxia, both of which are conditions

that ultimately result in reduced oxygen delivery to cells.

Iron deficiency increases synthesis of FGF23 and also increases

cleavage of iFGF23 into inactive cFGF23, which typically results in little

or no change in the circulating level of iFGF23. Iron replacement actu-

ally decreases production of FGF23.50,52 However, the conundrum is

that certain iron formulations, such as ferric carboxymaltose (FCM), also

seem to reduce cleavage of iFGF23. Hence, although total FGF23 pro-

duction is decreased by FCM, the amount of iFGF23 that is secreted

increases, leading to hypophosphatemia.50,53 The exact mechanism for

reduced cleavage of FGF23 is unknown, but may involve either post-

translational modification of FGF23 to make it less susceptible to cleav-

age or reduced production of enzymes (ie, furin) that process FGF23.25

In ADHR, iron deficiency increases FGF23 synthesis but proteolytic

processing is impaired resulting in high iFGF23 levels and consequent

hypophosphatemia made worse by iron deficiency.21,33

When tolerability and adherence to oral iron becomes an issue,

intravenous iron infusion is commonly used as a treatment for iron

deficiency anemia (IDA); infusion of some formulations of intravenous

iron can increase circulating levels of iFGF23 and result in hyp-

ophosphatemia.54 Although replacing iron per se appears to reduce

production of FGF23, some iron formulations may inhibit proteolytic

cleavage of FGF23, thereby increasing circulating levels of iFGF23.

Hypophosphatemia associated with intravenous iron supplemen-

tation is reported to be mostly asymptomatic and transient.9,12,55,56

One retrospective study showed the median duration of hyp-

ophosphatemia to be 41 days following intravenous iron treatment,

but that hypophosphatemia in some patients lasted greater than

2 months.57 A multivariate model found independent risk factors for

incident hypophosphatemia to include abnormal uterine bleeding

associated with IDA, higher hemoglobin levels, and lower baseline

serum phosphorus levels.50 Other possible risk factors include concur-

rent or prior use of medications affecting proximal renal tubular func-

tion, hyperparathyroidism, vitamin D deficiency, a history of

gastrointestinal disorders associated with malabsorption of fat-soluble

vitamins or phosphate, and malnutrition. Resolution of most cases of

hypophosphatemia occurs within three months.58

The use of the following intravenous iron formulations has been

associated with the occurrence of hypophosphatemia: ferric

derisomaltose (formerly iron isomaltoside),8,59,60 FCM,50,52,56,59 iron

polymaltose,10 and iron sucrose.56 In clinical trials, the frequencies of

a transient decline in serum phosphorus below 2 mg/dL ranged from

5%–20% of patients treated with ferric derisomaltose 1000 mg from

the studies in patients with IDA of various etiologies and 1%–2% in

studies of patients with CKD.54,60,61 Nadir was in the first weeks. In

one study of patients with IDA from various causes other than CKD,

3.9% of patients in the ferric derisomaltose 1000 mg group and 2.3%

of patients in the iron sucrose 200 mg (≤ 5 injections; 1000 mg cumu-

lative dose recommended) group had hypophosphatemia (serum phos-

phorus <2 mg/dL).62 In two open-label, randomized clinical studies of

patients with IDA without reduced kidney function, the incidence of

hypophosphatemia was significantly lower (p < 0.001 in both studies)

in patients treated with ferric derisomaltose 1000 mg (7.9%–8.1%) vs

those treated with FCM 750 mg (73.7%–75.0%).60

From the pivotal phase 3 IDA trials of FCM, the pooled incidence

of serum phosphorus below 2 mg/dL in FCM-treated participants was

27%, and 2.1% was reported by study investigators to represent a

treatment-emergent adverse event.58 In these studies, hyp-

ophosphatemia was not associated with a serious adverse event.63,64

Transient hypophosphatemia findings based solely on laboratory
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measurement of serum phosphorus may have limited clinical

significance.2,54 By contrast, chronic hypophosphatemia can lead to

complications such as osteomalacia, fractures, and rhabdomyolysis.

Post-marketing data for FCM indicates that, in most cases, hyp-

ophosphatemia resolved within three months.58 Nevertheless, a sea-

rch of the PubMed database of literature published between January

1, 2008 and May 20, 2020 of randomized controlled trials, case stud-

ies, and observational studies, identified 12 post-marketing reports of

symptomatic hypophosphatemia leading to osteomalacia or rickets

following FCM treatment for iron deficiency.65-76 A majority of these

reports included the use of multiple FCM courses over a prolonged

period of time. Some cases were in patients with regular bleeding

episodes and underlying comorbidities, which may have lowered basal

phosphorus levels independent of FCM treatment. Chronic hyp-

ophosphatemia appears to be associated with inflammatory bowel

disease or other causes of chronic gastrointestinal blood loss which

may lead to treatment with multiple courses of IV iron (eg, FCM)

without management of the underlying primary cause of the anemia;

consequently, hypophosphatemia is a distinct possibility through the

FGF23 activation pathway (Table 3).65-76 On the other hand, CKD

may be protective against hypophosphatemia, as there is reduced

capacity for renal excretion of phosphate. Considering that patients

with CKD are deemed to be at decreased risk of developing this

adverse outcome, clinical trials investigating the incidence of hyp-

ophosphatemia occurring with intravenous iron formulations have

excluded patients with an estimated GFR < 65 mL/min/1.73 m2.60

2.4 | Treatment

The appropriate regimen for phosphorus replacement is based upon

clinical symptoms, as there are no standardized protocols for man-

agement of hypophosphatemia. Mild, asymptomatic cases can be

managed with clinical symptom monitoring and watchful waiting. In

many cases, patients can receive dietary phosphate or oral phos-

phate therapy depending on the severity of the deficiency.18 Intra-

venous phosphate is indicated for severe, symptomatic cases,

depending on serum phosphorus levels and with chronic hyp-

ophosphatemia, supplements may also be administered.18 Replace-

ment regimens must consider that serum phosphorus may not be an

accurate reflection of the total body phosphorus deficit.18

2.5 | FCM, hypophosphatemia and approach to
management

Existing case studies provide insight into the two types of clinical

manifestations that have been described herein: acute symptomatic

hypophosphatemia which may occur after a single administration of

FCM and resolve within weeks, and in rare, isolated instances, chronic

hypophosphatemia with bone mineral disorder that may progress to

pathological fractures seen after repeated courses of intravenous iron

including FCM. The stacking effect of multiple courses of treatmentT
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might be prevented by checking serum phosphorus and ensuring nor-

mal vitamin D status before giving a repeat course.

A genetic study of patients who experience the acute syndrome

could be informative and help identify additional predisposing factors

beyond those already known.

3 | CONCLUSIONS

Serum phosphorus should be monitored in patients with symptom-

atic hypophosphatemia and those at risk of hypophosphatemia.

Patients considered at risk for hypophosphatemia include those

with a history of gastrointestinal disorders such as inflammatory

bowel disease, conditions associated with malabsorption of fat-

soluble vitamins or phosphate, and other causes of chronic gastro-

intestinal blood loss. Concurrent or prior use of certain classes of

medications that affect proximal renal tubular function, hyperpara-

thyroidism, vitamin D deficiency, menorrhagia, and malnutrition are

also contributory factors to an increased risk of hypophosphatemia.

Treatment with the IV iron formulation FCM is associated with

transient hypophosphatemia in some patients based on pre-existing

risk factors and need for repeat dosing. In instances where repeat

dosing with FCM therapy is indicated, monitoring phosphorus

levels should be sufficient to justify the use of FCM vs other IV

iron formulations. Note, FCM therapy is associated with

hypophosphatemia in certain groups of patients. It is key to note

that the overall benefit risk profile of FCM remains positive given

its robust efficacy and overall worldwide safety experience in

patients with ID and IDA.

ACKNOWLEDGMENTS

Amanda Sheldon, PhD and Christopher Radel, PhD of inScience Com-

munications, Springer Healthcare, provided medical writing support

funded by American Regent.

AUTHOR CONTRIBUTIONS

Kamyar Kalentar-Zadeh, Tomas Ganz., Henry Trumbo, Melvin H. Seid,

Lawrence T. Goodnough, and Michael A. Levine have contributed to

the development and review of the manuscript and approved of the

final version of the manuscript for submission.

CONFLICT OF INTEREST

Kamyar Kalentar-Zadeh is supported by the National Institute on

Aging of the National Institutes of Health grant R21-AG047036

and the National Institute of Diabetes, Digestive and Kidney

Disease grants R01-DK078106, R01-DK096920, U01-DK102163,

and K24-DK091419, as well as philanthropic grants from Mr. Harold

Simmons and Mr. Louis Chang. Tomas Ganz is a shareholder and

scientific advisor of Intrinsic LifeSciences and Silarus Therapeutics,

and consultant for Ionis Pharmaceuticals, Protagonist, Vifor Akebia,

Global Blood Therapeutics and Sierra Oncology. Henry Trumbo is a

consultant for American Regent, and Daiichi Sankyo. Melvin H. Seid is

a consultant for AMAG Pharmaceuticals, American Regent, and

Daiichi Sankyo; stockholder of Abbott, AbbVie, Bristol-Myers Squibb,

Gilead Sciences, Johnson & Johnson, Merck, and Pfizer; stockholder

and director Periodic Products. Lawrence T. Goodnough is a

consultant and scientific advisory board member for American Regent.

Michael A. Levine is a consultant for American Regent and Inozyme

Pharma and receives research funding from Takeda Pharmaceuticals

and Ultragenyx.

DATA AVAILABILITY STATEMENT

Data sharing was not applicable to this article as no new data were

generated or analyzed during the current study

ORCID

Tomas Ganz https://orcid.org/0000-0002-2830-5469

REFERENCES

1. Goretti Penido M, Alon US. Phosphate homeostasis and its role in

bone health. Pediatr Nephrol. 2012;27(11):2039-2048.

2. Amanzadeh J, Reilly RF Jr. Hypophosphatemia: an evidence-based

approach to its clinical consequences and management. Nat Clin Pract

Nephrol. 2006;2(3):136-148.

3. Imel EA, Econs MJ. Approach to the hypophosphatemic patient. J Clin

Endocrinol Metab. 2012;97(3):696-706.

4. Mayo Clinic Laboratories. Test: PHOS. https://www.mayocliniclabs.

com/test-catalog/Clinical+and+Interpretive/8408. Accessed December

12, 2012.

5. Pagana KD, Pagana TJ, Pagana TN. Mosby's Diagnostic and Laboratory

Test Reference. 14th ed. St. Louis, MO: Elsevier; 2019.

6. Liamis G, Milionis HJ, Elisaf M. Medication-induced hypo-

phosphatemia: a review. QJM. 2010;103(7):449-459.

7. Camaschella C. Iron deficiency: new insights into diagnosis and treat-

ment. Hematology Am Soc Hematol Educ Program. 2015;2015:8-13.

8. Birgegard G, Henry D, Glaspy J, Chopra R, Thomsen LL, Auerbach M.

A randomized noninferiority trial of intravenous iron isomaltoside ver-

sus oral iron sulfate in patients with nonmyeloid malignancies and

anemia receiving chemotherapy: the PROFOUND trial. Pharmaco-

therapy. 2016;36(4):402-414.

9. Barish CF, Koch T, Butcher A, Morris D, Bregman DB. Safety and effi-

cacy of intravenous ferric carboxymaltose (750 mg) in the treatment

of iron deficiency anemia: two randomized, controlled trials. Anemia.

2012;2012:172104.

10. Schouten BJ, Hunt PJ, Livesey JH, Frampton CM, Soule SG. FGF23

elevation and hypophosphatemia after intravenous iron polymaltose:

a prospective study. J Clin Endocrinol Metab. 2009;94(7):2332-2337.

11. Huang X, Jiang Y, Xia W. FGF23 and phosphate wasting disorders.

Bone Res. 2013;1(2):120-132.

12. Van Wyck DB, Mangione A, Morrison J, Hadley PE, Jehle JA,

Goodnough LT. Large-dose intravenous ferric carboxymaltose injec-

tion for iron deficiency anemia in heavy uterine bleeding: a random-

ized, controlled trial. Transfusion. 2009;49(12):2719-2728.

13. Blazevic A, Hunze J, Boots JM. Severe hypophosphataemia after

intravenous iron administration. Neth J Med. 2014;72(1):49-53.

14. Mani LY, Nseir G, Venetz JP, Pascual M. Severe hypophosphatemia

after intravenous administration of iron carboxymaltose in a stable

renal transplant recipient. Transplantation. 2010;90(7):804-805.

15. Becker GJ, Walker RG, Hewitson TD, Pedagogos E. Phosphate levels–
time for a rethink? Nephrol Dial Transplant. 2009;24(8):2321-2324.

16. Alizadeh Naderi AS, Reilly RF. Hereditary disorders of renal phos-

phate wasting. Nat Rev Nephrol. 2010;6(11):657-665.

17. Bergwitz C, Juppner H. Regulation of phosphate homeostasis by

PTH, vitamin D, and FGF23. Annu Rev Med. 2010;61:91-104.

614 KALANTAR-ZADEH ET AL.

https://orcid.org/0000-0002-2830-5469
https://orcid.org/0000-0002-2830-5469
https://www.mayocliniclabs.com/test-catalog/Clinical%2Band%2BInterpretive/8408
https://www.mayocliniclabs.com/test-catalog/Clinical%2Band%2BInterpretive/8408


18. Manghat P, Sodi R, Swaminathan R. Phosphate homeostasis and dis-

orders. Ann Clin Biochem. 2014;51(Pt 6):631-656.

19. Vervloet MG, Sezer S, Massy ZA, et al. The role of phosphate in

kidney disease. Nat Rev Nephrol. 2017;13(1):27-38.

20. Forster IC, Hernando N, Biber J, Murer H. Proximal tubular

handling of phosphate: a molecular perspective. Kidney Int. 2006;

70(9):1548-1559.

21. Wolf M, White KE. Coupling fibroblast growth factor 23 production

and cleavage: iron deficiency, rickets, and kidney disease. Curr Opin

Nephrol Hypertens. 2014;23(4):411-419.

22. Yoshiko Y, Wang H, Minamizaki T, et al. Mineralized tissue cells are a

principal source of FGF23. Bone. 2007;40(6):1565-1573.

23. Vervloet MG, van Ittersum FJ, Buttler RM, Heijboer AC,

Blankenstein MA, ter Wee PM. Effects of dietary phosphate and cal-

cium intake on fibroblast growth factor-23. Clin J Am Soc Nephrol.

2011;6(2):383-389.

24. Ito M, Sakai Y, Furumoto M, et al. Vitamin D and phosphate regulate

fibroblast growth factor-23 in K-562 cells. Am J Physiol Endocrinol

Metab. 2005;288(6):E1101-E1109.

25. Kinoshita Y, Fukumoto S. X-linked hypophosphatemia and

FGF23-related hypophosphatemic diseases: prospect for new treat-

ment. Endocr Rev. 2018;39(3):274-291.

26. Bai X, Miao D, Li J, Goltzman D, Karaplis AC. Transgenic mice over-

expressing human fibroblast growth factor 23 (R176Q) delineate a

putative role for parathyroid hormone in renal phosphate wasting dis-

orders. Endocrinology. 2004;145(11):5269-5279.

27. Shimada T, Hasegawa H, Yamazaki Y, et al. FGF-23 is a potent regula-

tor of vitamin D metabolism and phosphate homeostasis. J Bone

Miner Res. 2004;19(3):429-435.

28. Goetz R, Ohnishi M, Kir S, et al. Conversion of a paracrine fibroblast

growth factor into an endocrine fibroblast growth factor. J Biol Chem.

2012;287(34):29134-29146.

29. Turner N, Grose R. Fibroblast growth factor signalling: from develop-

ment to cancer. Nat Rev Cancer. 2010;10(2):116-129.

30. Chen G, Liu Y, Goetz R, et al. Alpha-Klotho is a non-enzymatic molecular

scaffold for FGF23 hormone signalling. Nature. 2018;553(7689):

461-466.

31. Erben RG, Andrukhova O. FGF23-Klotho signaling axis in the kidney.

Bone. 2017;100:62-68.

32. Andrukhova O, Zeitz U, Goetz R, Mohammadi M, Lanske B,

Erben RG. FGF23 acts directly on renal proximal tubules to induce

phosphaturia through activation of the ERK1/2-SGK1 signaling path-

way. Bone. 2012;51(3):621-628.

33. Tagliabracci VS, Engel JL, Wiley SE, et al. Dynamic regulation of

FGF23 by Fam20C phosphorylation, GalNAc-T3 glycosylation,

and furin proteolysis. Proc Natl Acad Sci U S A. 2014;111(15):5520-

5525.

34. Edmonston D, Wolf M. FGF23 at the crossroads of phosphate, iron

economy and erythropoiesis. Nat Rev Nephrol. 2020;16(1):7-19.

35. Bouma-de Krijger A, Vervloet MG. Fibroblast growth factor 23: are

we ready to use it in clinical practice? J Nephrol. 2020;33(3):

509-527.

36. Common Terminology Criteria for Adverse Events v3.0 (CTCAE). 2006;

https://ctep.cancer.gov/protocolDevelopment/electronic_applications/

docs/ctcaev3.pdf. Accessed April 21, 2020.

37. Common Terminology Criteria for Adverse Events (CTCAE) Version

4.0. 2010; https://www.eortc.be/services/doc/ctc/ctcae_4.03_2010-

06-14_quickreference_5x7.pdf. Accessed April 21, 2020.

38. Common Terminology Criteria for Adverse Events (CTCAE) Version

5.0. 2017; https://ctep.cancer.gov/protocoldevelopment/electronic_

applications/docs/CTCAE_v5_Quick_Reference_5x7.pdf. Accessed

April 21, 2020.

39. Carpenter TO, Imel EA, Holm IA. Jan de Beur SM, Insogna KL. A clini-

cian's guide to X-linked hypophosphatemia. J Bone Miner Res. 2011;

26(7):1381-1388.

40. Weber TJ, Quarles LD. Molecular control of phosphorus homeostasis

and precision treatment of hypophosphatemic disorders. Curr Mol Biol

Rep. 2019;5(2):75-85.

41. Adkinson NF, Strauss WE, Macdougall IC, et al. Comparative safety

of intravenous ferumoxytol versus ferric carboxymaltose in iron defi-

ciency anemia: a randomized trial. Am J Hematol. 2018;93(5):

683-690.

42. Alon U, Hellerstein S. Assessment and interpretation of the tubular

threshold for phosphate in infants and children. Pediatr Nephrol.

1994;8(2):250-251.

43. Lorenz-Depiereux B, Benet-Pages A, Eckstein G, et al. Hereditary

hypophosphatemic rickets with hypercalciuria is caused by mutations

in the sodium-phosphate cotransporter gene SLC34A3. Am J Hum

Genet. 2006;78(2):193-201.

44. De Paolis E, Scaglione GL, De Bonis M, Minucci A, Capoluongo E.

CYP24A1 and SLC34A1 genetic defects associated with idiopathic

infantile hypercalcemia: from genotype to phenotype. Clin Chem Lab

Med. 2019;57(11):1650-1667.

45. Lexicomp Online, Drug Report. UpToDate, Inc.; 2013. Accessed April

15, 2013.

46. Kassebaum NJ, Jasrasaria R, Naghavi M, et al. A systematic analysis of

global anemia burden from 1990 to 2010. Blood. 2014;123(5):615-624.

47. GBD Disease and Injury Incidence and Prevalence Collaborators.

Global, regional, and national incidence, prevalence, and years lived

with disability for 328 diseases and injuries for 195 countries,

1990-2016: a systematic analysis for the global burden of Disease

study 2016. Lancet. 2017;390(10100):1211-1259.

48. Liu T, Zhong S, Liu L, et al. Vitamin D deficiency and the risk of ane-

mia: a meta-analysis of observational studies. Ren Fail. 2015;37(6):

929-934.

49. Uwaezuoke SN. Vitamin D deficiency and anemia risk in children: a

review of emerging evidence. Pediatric Health Med Ther. 2017;8:47-55.

50. Wolf M, Chertow GM, Macdougall IC, Kaper R, Krop J, Strauss W.

Randomized trial of intravenous iron-induced hypophosphatemia. JCI

Insight. 2018;3(23):e124486.

51. Clinkenbeard EL, Farrow EG, Summers LJ, et al. Neonatal iron defi-

ciency causes abnormal phosphate metabolism by elevating FGF23 in

normal and ADHR mice. J Bone Miner Res. 2014;29(2):361-369.

52. Wolf M, Koch TA, Bregman DB. Effects of iron deficiency anemia and

its treatment on fibroblast growth factor 23 and phosphate homeo-

stasis in women. J Bone Miner Res. 2013;28(8):1793-1803.

53. Imel EA, Peacock M, Gray AK, Padgett LR, Hui SL, Econs MJ. Iron

modifies plasma FGF23 differently in autosomal dominant hyp-

ophosphatemic rickets and healthy humans. J Clin Endocrinol Metab.

2011;96(11):3541-3549.

54. Schaefer B, Glodny B, Wolf M, Zoller H. Letter: inconsistency in

reporting of hypophosphatemia after intravenous iron. Aliment

Pharmacol Ther. 2017;46(6):641-643.

55. Van Wyck DB, Martens MG, Seid MH, Baker JB, Mangione A.

Intravenous ferric carboxymaltose compared with oral iron in the

treatment of postpartum anemia: a randomized controlled trial.

Obstet Gynecol. 2007;110(2 Pt 1):267-278.

56. Hardy S, Vandemergel X. Intravenous iron administration and hyp-

ophosphatemia in clinical practice. Int J Rheumatol. 2015;2015:468675.

57. Schaefer B, Wurtinger P, Finkenstedt A, et al. Choice of high-dose

intravenous iron preparation determines hypophosphatemia risk.

PLoS ONE. 2016;11(12):e0167146.

58. Injectafer® [package insert]. Shirley, NY, USA: American Regent, Inc.,

2020.

59. Bager P, Hvas CL, Dahlerup JF. Drug-specific hypophosphatemia and

hypersensitivity reactions following different intravenous iron infu-

sions. Br J Clin Pharmacol. 2017;83(5):1118-1125.

60. Wolf M, Rubin J, Achebe M, et al. Effects of iron isomaltoside vs

ferric carboxymaltose on hypophosphatemia in iron-deficiency ane-

mia: two randomized clinical trials. JAMA. 2020;323(5):432-443.

KALANTAR-ZADEH ET AL. 615

https://ctep.cancer.gov/protocolDevelopment/electronic_applications/docs/ctcaev3.pdf
https://ctep.cancer.gov/protocolDevelopment/electronic_applications/docs/ctcaev3.pdf
https://www.eortc.be/services/doc/ctc/ctcae_4.03_2010-06-14_quickreference_5x7.pdf
https://www.eortc.be/services/doc/ctc/ctcae_4.03_2010-06-14_quickreference_5x7.pdf
https://ctep.cancer.gov/protocoldevelopment/electronic_applications/docs/CTCAE_v5_Quick_Reference_5x7.pdf
https://ctep.cancer.gov/protocoldevelopment/electronic_applications/docs/CTCAE_v5_Quick_Reference_5x7.pdf


61. Kalra PA, Bhandari S. Efficacy and safety of iron isomaltoside

(Monofer(®)) in the management of patients with iron deficiency ane-

mia. Int J Nephrol Renovasc Dis. 2016;9:53-64.

62. Auerbach M, Henry D, Derman RJ, Achebe MM, Thomsen LL,

Glaspy J. A prospective, multi-center, randomized comparison of iron

isomaltoside 1000 versus iron sucrose in patients with iron deficiency

anemia; the FERWON-IDA trial. Am J Hematol. 2019;94(9):1007-

1014.

63. Onken JE, Bregman DB, Harrington RA, et al. A multicenter, random-

ized, active-controlled study to investigate the efficacy and safety of

intravenous ferric carboxymaltose in patients with iron deficiency

anemia. Transfusion. 2014;54(2):306-315.

64. Onken JE, Bregman DB, Harrington RA, et al. Ferric car-

boxymaltose in patients with iron-deficiency anemia and impaired

renal function: the REPAIR-IDA trial. Nephrol Dial Transplant.

2014;29(4):833-842.

65. Bartko J, Roschger P, Zandieh S, Brehm A, Zwerina J, Klaushofer K.

Hypophosphatemia, severe bone pain, gait disturbance, and fatigue

fractures after iron substitution in inflammatory bowel disease: a case

report. J Bone Miner Res. 2018;33(3):534-539.

66. Etchenique MP, Diehl M, Kitaigrodsky AV, et al. Hypophos-

phatemia and osteomalacia induced by intravenous iron. Bone.

2016;89:65-65.

67. Fang W, McMahon LP, Bloom S, Garg M. Symptomatic severe hyp-

ophosphatemia after intravenous ferric carboxymaltose. JGH Open.

2019;3(5):438-440.

68. Klein K, Asaad S, Econs M, Rubin JE. Severe FGF23-based hypo-

phosphataemic osteomalacia due to ferric carboxymaltose adminis-

tration. BMJ Case Rep. 2018;2018:bcr2017222851.

69. Moore KL, Kildahl-Andersen O, Kildahl-Andersen R, Tjonnfjord GE.

Uncommon adverse effect of a common medication. Tidsskr nor

Laegeforen. 2013;133(2):165.

70. Reyes M, Diamond T. Hypophosphataemic rickets due to parenteral

ferrous carboxymaltose in a young man with Crohn Disease and iron

deficiency: a case report and review of literature. J Clin Case Rep. 2017;

07(02):931.

71. Sangros Sahun MJ, Goni Girones E, Camarero Salazar A, Estebanez

Estebanez C, Lozano Martinez ME. Symptomatic hypophosphataemic

osteomalacia secondary to the treatment with iron carboxymaltose

detected in bone scintigraphy. Rev Esp Med Nucl Imagen Mol. 2016;35

(6):391-393.

72. Schaefer B, Glodny B, Zoller H. Blood and bone loser. Gastroenterol-

ogy. 2017;152(6):e5-e6.

73. Schaefer B, Viveiros A, Nardin I, Glodny B, Zoller H. Symptomatic

severe hypophosphatemia after intravenous ferric carboxymaltose.

Presented at the Seventh Congress of the International BioIron Soci-

ety (IBIS) Biennial World Meeting 2017, May 7-11, Los Angeles, USA

[Poster 148]. https://onlinelibrary.wiley.com/doi/pdf/10.1002/ajh.

24812. Accessed April 21, 2020.

74. Tournis S, Michopoulos S, Makris K, Terpos E. Hypophosphatemia,

severe bone pain, gait disturbance, and fatigue fractures after iron

substitution in inflammatory bowel disease: a case report. J Bone

Miner Res. 2018;33(3):543-545.

75. Urbina T, Belkhir R, Rossi G, et al. Iron supplementation-induced

phosphaturic osteomalacia: FGF23 is the culprit. J Bone Miner Res.

2018;33(3):540-542.

76. Tozzi D, Tozzi J. Osteomalacia and insufficiency fractures secondary

to intravenous iron therapy: a case report. J Orthop Case Rep. 2020;

10(1):4-7.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of this article.

How to cite this article: Kalantar-Zadeh K, Ganz T, Trumbo H,

Seid MH, Goodnough LT, Levine MA. Parenteral iron therapy

and phosphorus homeostasis: A review. Am J Hematol. 2021;

96:606–616. https://doi.org/10.1002/ajh.26100

616 KALANTAR-ZADEH ET AL.

https://onlinelibrary.wiley.com/doi/pdf/10.1002/ajh.24812
https://onlinelibrary.wiley.com/doi/pdf/10.1002/ajh.24812
https://doi.org/10.1002/ajh.26100

	Parenteral iron therapy and phosphorus homeostasis: A review
	1  INTRODUCTION
	1.1  Physiology of phosphorus homeostasis

	2  HYPOPHOSPHATEMIA: PRESENTATION, DIAGNOSIS, CAUSES, AND TREATMENT
	2.1  Presentation
	2.2  Diagnosis
	2.3  Causes
	2.4  Treatment
	2.5  FCM, hypophosphatemia and approach to management

	3  CONCLUSIONS
	ACKNOWLEDGMENTS
	  AUTHOR CONTRIBUTIONS
	  CONFLICT OF INTEREST
	  DATA AVAILABILITY STATEMENT

	REFERENCES




