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Abstract

Purpose: Tumor-induced osteomalacia (TIO) is a rare paraneoplastic syndrome of ab-
normal phosphate and vitamin D metabolism caused by typically small endocrine tu-
mors that secrete fibroblast growth factor 23 (FGF23). TIO is characterized clinically by
progressive musculoskeletal pain, fatigue, proximal muscle weakness, and multiple frac-
tures, leading to long-term disability. Misdiagnosis and delayed diagnosis are common
because of the nonspecific symptoms, and several years may elapse before patients
receive an accurate diagnosis and appropriate treatment. Thus, it is vital that awareness
of the appropriate recognition and management of TIO is increased among healthcare
professionals who may encounter patients with suspected TIO.

Methods: A roundtable meeting was held on 10 January 2020 in Dallas, TX, USA, to
gather perspectives on the diagnosis and treatment of TIO. The following topics were
considered: clinical presentation, patient history, differential diagnosis, laboratory as-
sessment, imaging, venous sampling, and treatment.
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Results: This report provides a summary of our collective experiences in the manage-
ment of TIO.

Main conclusions: Laboratory tests are mandatory to expedite TIO diagnosis and should
include measurement of fasting serum phosphorus, renal phosphate reabsorption,
serum 1,25-dihydroxyvitamin D, and serum FGF23 levels. Functional and anatomical
imaging are essential to locate the FGF23-secreting tumor(s) causing TIO. Surgical re-
section is often a curative treatment when the tumor can be localized; however, better
management of patients who cannot be operated on with targeted therapies is needed.
Further efforts to increase awareness of TIO within the medical community, and educa-
tion on recommended diagnostic and treatment pathways are required to improve the
management of this debilitating disease.

Key Words: hypophosphatemia, oncogenic osteomalacia, FGF23, muscle weakness, musculoskeletal pain,
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Tumor-induced osteomalacia (TIO), also known as onco-
genic osteomalacia, is a paraneoplastic syndrome of ab-
normal phosphorus and vitamin D metabolism caused by
small, benign endocrine tumors that secrete the phosphaturic
hormone, fibroblast growth factor 23 (FGF23), leading to
impaired bone metabolism [1, 2]. TIO is characterized by
progressive musculoskeletal pain, fatigue, proximal muscle
weakness, gait disturbance, and multiple fractures [3, 4],
which are a consequence of severe hypophosphatemia and
may lead to long-term disability and prolonged morbidity [5].

TIO is a rare disease, with only approximately 1000
cases reported worldwide to date [1]. However, this
likely represents an underestimation because no global
population-based epidemiologic study has been conducted
and the exact prevalence is unknown. The signs and symp-
toms of TIO are not specific for this condition and, conse-
quently, >95% of cases may be misdiagnosed and treated
incorrectly [3]; indeed, patients often wait several years to
receive an accurate diagnosis [3]. Difficulty in localizing the
tumor can further delay treatment.

As a rare disease likely to be encountered infrequently by
most treating physicians, it is vital to exchange knowledge
of treating TIO to help guide appropriate clinical decision
making. This article aims to describe the clinical presentation
of TIO and to provide a summary of the authors’ collective
experiences in the diagnosis and treatment of TIO.

Methods

An industry-sponsored roundtable meeting on the diagnosis
and management of TIO was held on 10 January 2020 in
Dallas, TX, USA. Attendees were endocrinologists, rheum-
atologists, or oncologists experienced in the clinical diag-
nosis and management of TIO in the United States and Latin
America. Raising awareness of the optimal pathway for the
diagnosis and treatment of TIO was identified as an im-
portant initiative. Thus, this manuscript, which is based on

the discussions that took place among the authors during
the meeting and subsequent conference calls, was conceived.

Pathophysiology

An understanding of the key underlying disease processes
(Fig. 1) is essential to appreciate the diagnostic and thera-
peutic approach to TIO.

Phosphorus is vital for normal physiology, including
intracellular signaling, membrane function, energy me-
tabolism, and bone mineralization [5, 10]. Phosphate
homeostasis is regulated by intestinal uptake, exchange of
phosphate between extracellular and bone storage pools,
and renal reabsorption [5, 10]. Renal excretion, the pri-
mary mode of phosphate clearance, is under the control of
PTH and FGE23 [5, 10].

In patients with TIO, lesions are typically small, be-
nign mesenchymal tumors [11]. The key pathogenetic
mechanism of TIO is uncontrolled tumoral production of
FGF23 [12], which enhances phosphate wasting and re-
duces intestinal phosphate absorption, leading to chronic
hypophosphatemia, decreased bone mineralization
(osteomalacia), and other signs and symptoms of TIO
[10, 13]. In 1 large series of 72 patients with TIO, nearly
50% of the 73 tumor samples analyzed were found to
carry translocations between FN1 (encoding fibronectin)
and either FGFR1 (encoding fibroblast growth factor re-
ceptor 1), or FGF1 (encoding fibroblast growth factor
1), resulting in expression of abnormal chimeric pro-
teins that are capable of ligand-independent signaling
or autodimerization and binding to FGF23 [14]. These
processes can lead to abnormal activation of FGFR1
signaling and, in turn, FGF23 overexpression, which fur-
ther enhances signaling and FGF23 hyperproduction in
a feed-forward autocrine/paracrine loop that not only
drives the pathobiology of TIO, but may also be impli-
cated in tumorigenesis [15].
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Figure 1. Phosphate homeostasis in healthy patients and in tumor-induced osteomalacia. In patients with tumor-induced osteomalacia, in-
creased secretion of FGF23 drives decreased renal phosphate reabsorption (shown with weighted lines) and decreased synthesis of 1,25(0H),D,

leading to reduced serum phosphate levels and a decreased rate of bone

mineralization [4-10]. ?, The effect of FGF23 on PTH regulation is yet

to be determined; 1,25(0H),D, 1,25-dihydroxyvitamin D; 25-OH-D, 25-hydroxyvitamin D; FGF23, fibroblast growth factor 23; Na-Pi 2a/c, sodium/
phosphate cotransporter 2a and 2c; PO,, phosphate; PTH, parathyroid hormone; TIO, tumor-induced osteomalacia.

Clinical Presentation

The onset of TIO is subacute in most cases, and initial
symptoms may include musculoskeletal pain, fatigue, and
proximal muscle weakness and/or atrophy, particularly in
the lower extremities (Table 1). In a retrospective analysis

of 144 cases of TIO treated at a Chinese hospital, 99%
presented with bone pain, 93% presented with difficulty
walking, and 80% presented with stress or insufficiency
fractures, primarily affecting the lower extremities [3].
Although approximately 80% of cases occur in adults
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Table 1. Checklist of common signs and symptoms of tumor-induced osteomalacia

Symptom Questions to consider Proportion of patients
presenting with symptom
(%)

Bone pain Does the patient have a history of musculoskeletal pain, particularly in 99
the lower extremities? Does the patient have tenderness to palpation
over sites of suspected fracture?

Difficulty in walking Has the patient reported difficulty with walking? Are any changes 93
in gait apparent? If pediatric, does the patient have a wide-based
nonantalgic gait? Does the patient require assistance with walking
(eg, wheelchair, walking stick)?

Insufficiency fracture Does the patient have a history of fractures? Is there evidence of 80
multiple fractures on imaging?

Height loss Does the patient have short stature? Is there any evidence of height 69
loss?

Muscle weakness Does the patient have proximal muscle weakness? Is there any evidence 65
of muscle atrophy? Does the patient have symmetric motor
weakness on sit-to-stand assessment?

Thoracic deformity Is there any evidence of pectus carinatum? Is there any evidence of 33
rickets?

Spinal deformity Is there any evidence of kyphosis? 27

Abnormal oral cavity/dentition Is there evidence of oral lesions? Are any teeth missing or loose? Is there 17
any evidence of dental abscesses?

Local lump Is there evidence of lumps on physical examination, particularly in the 15

soft tissues of the lower extremities?

“Based on a retrospective analysis of 144 cases of tumor-induced osteomalacia treated at Peking Union Medical College Hospital, China, between December 1982

and December 2014 [3].

aged 20 years or older [9], TIO can present at any age,
which can lead to potential misdiagnosis of X-linked
hypophosphatemia (XLH) or other genetic causes of
FGF23-mediated hypophosphatemia when TIO pre-
sents in younger individuals before growth-plate closure.
In such cases, rickets, growth delay, and a wide-based,
nonantalgic gait may occur, making the distinction from
XLH even harder [4, 16]. As the duration and severity of
hypophosphatemia increases, adult patients often present
with height loss, kyphosis, and pectus carinatum (pigeon
chest) resulting from multiple vertebral compression frac-
tures [5], which have a catastrophic impact on patients’
quality of life [17]. In severe cases, patients may require
walking assistance [10].

Patient Pathway

The signs and symptoms that may trigger a visit to a phys-
ician are not specific to the disease. TIO may often be
confused with various musculoskeletal ailments and/or
rheumatologic or neurologic disorders. In a retrospective
study of 144 patients, the initial misdiagnosis rate was
95%; intervertebral disc herniation, spondyloarthritis, and
osteoporosis were the most common misdiagnoses [3]. The
mean time between symptom onset and a correct diagnosis

of TIO is 2.9 years [3], and in some cases has been up to
26 years [18]. Consequently, patients with TIO often cycle
through several different medical specialties, including pri-
mary care physicians, rheumatologists, orthopedists, neur-
ologists, chronic pain specialists, and psychologists before
receiving an accurate diagnosis.

The omission of phosphorus from standard routine
blood chemistry assessment panels in most institutions
means that hypophosphatemia is likely to go undetected
during routine assessments. The rarity of TIO and the
low awareness of this condition within the medical com-
munity also contribute to delays in diagnosis. Increasing
awareness of TIO is essential. When there is suspicion
or confirmation of hypophosphatemia concomitant with
common musculoskeletal symptoms, the patient should
be referred to a metabolic bone specialist for appropriate
diagnosis.

Diagnosis

Although the clinical presentation outlined here should
raise suspicion of TIO, a definitive diagnosis relies on a
combination of thorough medical history, physical examin-
ation, laboratory tests, and imaging. In some cases, venous
sampling, bone biopsy, and genetic analysis (chromogenic
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in situ hybridization or RNA sequencing of the tumor) may
be required. Obtaining detailed medical, family, and medi-
cation histories is also important to rule out other causes of
hypophosphatemia. Useful algorithms for guiding the ap-
propriate diagnosis of TIO have been published previously
[1,10].

Patient history

A detailed medical history should be taken, including a re-
view of symptom history and prior biochemistry, to evaluate
onset of hypophosphatemia to assist in establishing the
diagnosis of TIO. Medical care providers should rule out the
more common causes of osteomalacia, including vitamin D
deficiency, before unnecessarily undertaking the potentially
expensive imaging (and/or invasive) assessments required
to confirm the diagnosis of TIO.

Ruling out other causes of hypophosphatemia is also
vital, including inherited FGF23-mediated phosphate me-
tabolism disorders such as XLH and more rare diseases
such as autosomal dominant hypophosphatemic rickets
and autosomal recessive hypophosphatemic rickets. TIO
can be distinguished from these disorders by the lack of
family history, negative genetic testing, and previous his-
tory of normal phosphorus levels [5]. A history of multiple
dental abscesses in childhood may point more toward a
diagnosis of XLH rather than TIO [19, 20], whereas frac-
tures in a pediatric patient are more likely to support the
diagnosis of TIO. Generally, the younger the patient at
presentation, the more likely hypophosphatemia is due to
a genetic etiology rather than TIO [5]. Other relevant his-
tories to capture include parental heights to determine mid-
parental target height.

Acquired hypophosphatemia as a result of certain intra-
venous iron preparations or direct renal tubular damage by
a toxin or a drug such as tenofovir should be considered [1].
In addition to a thorough review of concomitant medica-
tions, the key factor in discriminating these disorders from
TIO is circulating FGF23, which is low in cases of tubular
damage and high or inappropriately normal in TIO [5].

Physical examination

A complete head-to-toe physical examination should be
performed, including the skin and oral cavity, to poten-
tially identify the underlying causative tumor, which can
occur anywhere in the body. In an analysis of 287 pa-
tients with TIO, the most common tumor locations were
the lower extremities (59.6%), followed by craniofacial
regions (24.0%), torso (9.4%), and upper extrem-
ities (6.9%) [21]. Some of the key questions/physical

assessments to consider during physical examination are
summarized in Table 1.

Laboratory investigation

Serum tests

The panel of biochemical tests and example reference
ranges useful for the diagnosis of TIO is shown in Table 2.
Reference ranges may vary between laboratories.

Fasting serum phosphorus should be the first step for the
diagnosis of TIO and other hypophosphatemic disorders.
In patients with TIO, serum phosphorus levels are abnor-
mally low [5]; in general, <3 mg/dL should raise suspicion
of hypophosphatemia, <2.5 mg/dL is considered low, and
<1.0 mg/dL is life threatening. Measurement should take
place in a fasting state because food can affect serum phos-
phate by causing a shift from plasma into cells [25]. Once
hypophosphatemia is established, 1,25-dihydroxyvitamin
D (1,25(0OH),D) levels should also be measured. Low
or inappropriately normal 1,25(OH),D levels are con-
sistent with FGF23 inhibition of la-hydroxylation of
25-hydroxyvitamin D (25-OH-D) in kidney proximal tu-
bule cells [5].

Repeat biochemical assessment with concurrent meas-
urement of serum FGF23 and fasting phosphorus is an
essential part of the diagnostic workup of patients with
suspected TIO. Although FGF23 is generally measured
using an antibody against the C-terminus, an assay that
measures intact FGF23 is now available for clinical use.
Intact FGF23 concentrations are not affected by iron de-
ficiency or the presence of proinflammatory cytokines,
which may cause falsely elevated levels with C-terminal
assays [26-28]. FGF23 levels within the normal range are
considered to be inappropriately normal in the presence of
hypophosphatemia and should prompt further investiga-
tion because FGF23 should be suppressed in this context.
An intact FGF23 level measured by the Kainos ELISA of
>30 pg/mL is sensitive for the diagnosis of FGF23-mediated
hypophosphatemia [29].

Other biochemical findings in patients with TIO typic-
ally include normal serum calcium and 25-OH-D, and ele-
vated alkaline phosphatase [5]. If vitamin D deficiency is
detected during biochemical evaluation of TIO, it should be
adequately treated to normalize serum calcium and address
potential impacts on intact PTH levels. Even in the setting
of normal serum calcium and 25-OH-D, intact PTH may
be elevated in patients with TIO because of inhibition of
1,25(0H),D production by the excess FGF23, resulting
in decreased intestinal calcium absorption [10]. These
compensatory increases in intact PTH further worsen
hypophosphatemia by promoting renal phosphate wasting
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Table 2. Example reference ranges for common laboratory serum and urine tests (in practice, it is important to use reference

ranges at the laboratory conducting the test to ensure accuracy)

Test Normal range’ Direction of
change in TIO
Adult Pediatric
Serum
Inorganic phosphate 2.5-4.5 mg/dL 4.0-7.0 mg/dL (1 d-1y) 1
3.1-5.4 mg/dL (1-17 y)
Calcium 8.6-10.7 mg/dL 7.3-11.9 mg/dL (1 d-1 mo) o
8.7-11.0 mg/dL (1 mo-1y)
9.3-10.6 mg/dL (1-17 y)
PTH 15-65 pg/mL 15-65 pg/mL -
25-hydroxyvitamin D 20-50 ng/mL 20-50 ng/mL “
1,25-dihydroxyvitamin D 18-64 pg/mL (males) 24-86 pg/mL (<16y) lore
18-78 pg/mL (females)
FGF23 (C-terminal fragment)b <180 RU/mL <230 RU/mL (3 mo-17 y)* 1
FGF23 (intact)’ <59 pg/mL <52 pg/mL (<18 y) 1
Alkaline phosphatase 40-129 U/L (219 y; males) 83-248 U/L (0-14 d) i
35-104 U/L (217 y; females) 122-469 U/L (15 d-1y)
142-335 U/L (1-10y)
129-417 U/L (10-13 y)
116-468 U/L (13-15 y; males)
57-254 U/L (13-15 y; females)
82-331 U/L (15-17 y; males)
50-117 U/L (15-17 y; females)
55-149 U/L (17-19 y; males)
Urine
%TRP >80% >80% l
TRP% =100 x (1 - ((urine phosphate/urine
creatinine) x (serum creatinine/serum
phosphate)))
TmP/GFR* 3.33-5.9 mg/dL (16-25 y; males) 5.7-8.1 mg/dL (newborn) !

(

if TRP is <0.86 (86%), then TmP/ 3.18-6.41 mg/dL (16-25 y; females)  3.6-5.4 mg/dL (1 month-2 y)

GFR = TRP x phosphate; if TRP is 50.86 3.09-4.18 mg/dL (25-45 y; males)  3.8-5.0 mg/dL (2-12 y)

(86%), then TmP/GER = 0.3 x TRP/ 2.97-4.45 mg/dL (25-45 y; females)  3.4-4.6 mg/dL (12-16 y)

(1 -0.8 x TRP) x phosphate 2.78-4.18 mg/dL (45-65 y; males)

2.72-4.39 mg/dL (45-65 y; females)

2.47-4.18 mg/dL (65-75 y; males)
2.47-4.18 mg/dL (65-75 y; females)

%TRP, percent tubular reabsorption of phosphate; FGF23, fibroblast growth factor 23; GFR, glomerular filtration rate; IU, international unit; PTH, parathyroid
hormone; RU, relative units; TIO, tumor-induced osteomalacia; TmP, tubular maximum reabsorption rate of phosphate.

“Unless otherwise stated, reference ranges based on normal ranges for common laboratory tests published by Mayo Clinic Laboratories (available at: https://www.
mayocliniclabs.com/test-catalog/index.html), Rush University Medical Center (available at: https://rml.rush.edu/Pages/RMLRanges.aspx), and Global RPh (avail-
able at: https://globalrph.com/) but may vary depending on laboratory.

"Based on Immunotopics human FGF23 (C-Term) ELISA Kit, Quidel Corporation (2015).

‘May be significantly elevated in healthy children aged <3 months.

4Based on Medfrontier FGF23 Intact assay (2019).

“Normal ranges based on the following references: [22-24].

in TIO patients with normal renal function. Elevations in
intact PTH may be further exacerbated by long-term treat-
ment with oral phosphate supplements, as is sometimes
observed in XLH [30]. Indeed, cases of tertiary hyperpara-
thyroidism have been reported in patients with TIO re-
ceiving long-term phosphate supplementation [31-35].

Urine tests

Laboratory urine testing is often conducted in parallel
with repeat serum testing. Assessing the tubular maximum
reabsorption rate of phosphate to glomerular filtration
rate (TmP/GFR) provides an estimate of renal phosphate
handling and a direct measure of phosphorus loss [5].
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The percentage tubular reabsorption of phosphate can
be used instead when precise assessment of TmP/GFR is
not possible [5]. Both methods offer a relatively simple
and inexpensive method of diagnosing phosphaturic
hypophosphatemia, particularly at centers where measure-
ment of other biochemical markers may not be available.
The method used is collection of fasting 2-hour urine for
phosphorus and creatinine and simultaneously measuring
serum phosphorus and creatinine.

In patients with suspected TIO, it is vital that the cal-
culations of percentage tubular reabsorption of phosphate
and TmP/GFR are done in the absence of phosphate sup-
plementation to avoid the artificial elevation of urinary
phosphate [5].

Imaging

Tumor imaging

A combination of functional (to detect metabolically active
cells) and subsequent anatomical (to locate the tumor) im-
aging techniques are generally employed in patients with
TIO (Table 3).

Functional imaging techniques use single-photon emis-
sion computed tomography with computed tomography
(SPECT/CT) or positron emission tomography with CT
(PET/CT) combined with different radioactive compounds,
scanning the entire body to identify sites of high metabolic
activity. '*F-fluorodeoxyglucose positron emission tomog-
raphy with CT, can be a sensitive method for localizing tu-
mors [39]. However, it is also nonspecific and identifies areas
of metabolic activity that are not tumors, especially in pa-
tients with areas of active fracture healing [5]. Indium 111
octreotide (which has a high affinity for the somatostatin re-
ceptors present on many tumors) [40] combined with SPECT/
CT (OctreoScan-SPECT/CT) is frequently used in patients
with suspected TIO [41]. Gallium 68 DOTA (**Ga-DOTA)-
based somatostatin analogs (°*Ga-DOTA-Tyr’-octreotate,
%8Ga-DOTA-Phe'-Tyr’-octreotide, and ®*Ga-DOTA-Nal’-
octreotide) are also available for imaging [1]. Inclusion of
the positron emitter ®*Ga allows for the combination of PET
and CT for anatomical localization and resolution. A recent
meta-analysis showed that ®*Ga-DOTA-based PET/CT scans
outperformed '®F-fluorodeoxyglucose positron emission
tomography with CT and OctreoScan-SPECT/CT in the de-
tection of TIO [21]. ®*Ga-DOTA-based PET/CT scans may
also be more cost effective in the long run when compared
with the alternative of repeated negative imaging that fails
to confirm the diagnosis. However, access to this specialized
imaging modality may be limited at some centers, may be
cost prohibitive, and reimbursement may be restricted.
Anecdotal reports of a number of other techniques, including
21 Thallium and *’Technetium methoxyisobutylisonitrile

scintigraphy, being used for tumor localization, have been
published previously [42, 43]. Although not routinely per-
formed, bone scintigraphy may also be useful for baseline
assessment of patients with TIO because it can identify frac-
tures missed on X-ray and potentially aid in tumor identifi-
cation. However, radiation exposure can be more than 300
times higher than a chest radiograph [44].

Anatomical imaging may be used to confirm the specific
location of the tumor and its surrounding tissues after sus-
picious lesions have been identified by functional imaging,
and is helpful when consulting surgeons to discuss poten-
tial surgical approach to tumor resection. Several standard
techniques can be used to localize tumors anatomically,
including contrast-enhanced CT and magnetic resonance
imaging [1]. The suspected anatomical location of the
tumor, radiation exposure, access, cost, and risk/benefit
should be considered when choosing the appropriate mo-
dality (Table 3).

The frequency of follow-up imaging is at the discretion
of the treating physician.

Skeletal imaging

Although itiscommonly used in the assessment of bone density,
which is decreased in patients with TIO [45], dual-energy
X-ray absorptiometry does not exclude nonmineralized bone
and so is not a good measure of bone mass in osteomalacia
[10]. However, it can be safely and reliably used to monitor
mineralization of the osteoid during treatment, an important
measure of bone disease healing [46].

Venous sampling

In most cases, the combination of functional and ana-
tomical imaging will locate the FGF23-secreting tumor.
However, if additional confirmation is required, venous
sampling for assessment of FGF23 levels may be considered
[47, 48]. If more than 1 lesion is found on functional im-
aging, or the suspected lesion is in an area where surgery
may pose a high risk to the patient, venous sampling may
be indicated to pinpoint the exact location of the FGF23-
secreting tumor [47]. In patients without a suspected tumor
location, the reported success of blind venous sampling has
been inconsistent [47, 49]. Before undertaking venous sam-
pling, the potential risks of this invasive procedure should
be balanced against the expected benefits.

Bone biopsy

Bone histomorphometry remains the gold standard for
diagnosis of osteomalacia and to assess the severity of bone
disease in TIO [10]. However, obtaining a bone biopsy is
impractical and seldom necessary for a diagnosis of TIO.
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Table 3. Imaging modalities commonly used in the management of patients with tumor-induced osteomalacia and their

advantages and disadvantages based on the collective experiences of the authors

Modality Advantages Disadvantages Radiation exposure per
scan (mSv) [36-38]

Functional imaging

8Ga-DOTA-based PET/CT e Higher sensitivity than e Accessibility 3

e %Ga-DOTA-Tyr’-octreotate [TATE| BE-FDG-PET/CT and

o 8Ga-DOTA-Phe!-Tyr*-octreotide
[TOC] Quick (1.5-2 h)

e %8Ga-DOTA-Nal-octreotide [NOC] © Cost effective

BE_FDG-PET/CT Widely available

™n octreotide SPECT/CT e High sensitivity

Bone scintigraphy e High sensitivity (in areas of

increased bone turnover
such as fractures, tumors,
inflammation, etc.)

Anatomical imaging

CT e Widely available
e Short evaluation time
e 3D images
e High resolution

MRI e No radiation exposure

e High resolution
e 3D images

Other modalities
Dual-energy X-ray absorptiometry e Short evaluation time

e High resolution of bone

Intermediate price

Widely available

e Inexpensive

Plain radiographs

Short evaluation time

M1p octreotide SPECT/CT

e Expensive

e Reimbursement challenges

e Relatively high radiation exposure 22
* Expensive

e Low specificity

o Accessibility 12
e Time consuming (2 days)

e Very expensive

e Relatively high radiation exposure 4.2
o Accessibility

* Expensive

e Low specificity

Relatively expensive 7.0°

Radiation exposure

e Expensive 0

e Long evaluation time

e Cannot be used in patients with
implants

e Accessibility

e Sedation may be required,
especially for younger patients

e 2D images 0.001

e Low resolution of soft tissues

e Radiation exposure

Not particularly helpful in the

setting of osteomalacia
e 2D images 0.1
Radiation exposure

Poor resolution

Abbreviations: '*F-FDG-PET/CT, 18F—ﬂuorocleoxyglucose positron emission tomography with CT; 2D, 2-dimensional; 3D, 3-dimensional; #8Ga-DOTA, Gallium 68
DOTA; ""'In, indium 111; CT, computed tomography; FDG, fluorodeoxyglucose; MRI, magnetic resonance imaging; PET, positron emission tomography; SPECT,

single-photon emission computed tomography.
“Based on a single scan of the chest.

A bone biopsy should be considered when the diagnosis
is not certain, or when defective healing of bone disease is
suspected.

Treatment

Surgical resection of the tumor remains the recommended
first-line therapy for patients with TIO in whom the tumor
can be identified and is considered operable (Fig. 2).

Complete removal of the tumor by wide resection is usu-
ally curative and prevents tumor recurrence [5, 10, 16].
Histologic assessment of the tumor can also confirm the
diagnosis of TIO.

Following successful surgery, recovery can be rapid,
with FGF23 and serum phosphate levels often returning
to normal within days or weeks [41, 50]. The osteomal-
acic bone starts remineralizing immediately after normal
phosphorus homeostasis is reestablished, and can
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Figure 2. Tumor-induced osteomalacia treatment algorithm. When the lesion can be identified, surgical resection with wide margins is the
recommended treatment. Medical therapy, with either burosumab or phosphate and 1,25-dihydroxyvitamin D/vitamin D analogs, should be
considered in patients in whom the lesion cannot be identified or is not resectable. “Ablation may also be considered for nonresectable lesions,

although the long-term efficacy of this approach is unknown.

result in very rapid and large increases in bone density
[16, 45]. However, it may take up to a year for more
substantial clinical improvement to occur, depending on
the severity of the disease [5]. Follow-up monitoring of
biochemistry is required after surgical success to con-
firm initial and continued remission; some physicians
may also choose to assess bone mineral density via dual-
energy X-ray absorptiometry to assure full skeletal re-
mineralization. In a retrospective study of 230 patients
with confirmed TIO, after primary surgery, the majority
of cases remained in remission, but 11% of cases per-
sisted and 7% of cases recurred with a median time of
recurrence of 33 months [51].

When a localized tumor is not amenable to definitive re-
section because of anatomical location or risk of significant
morbidity following surgical resection, less invasive modal-
ities such as radiotherapy or CT-guided radiofrequency ab-
lation can be considered. A recent case series showed that
CT-guided radiofrequency ablation was effective and well
tolerated in patients with TIO [52], although long-term
efficacy is unknown. Radiotherapy has been described in
cases of incompletely resected tumors, to avoid recurrence
or metastases [48, 53].

In patients in whom the tumor cannot be identified or
completely resected, pharmacotherapy is initiated. Standard
treatment for adults is oral phosphate (1-3 g/d divided into
4 to 5 doses) and 1,25(0OH),D (0.75-3 pg/d divided into 2
to 3 doses) [5]. The goal of treatment is to achieve the low
end of normal for age-appropriate range of phosphorus [5].
Administration is divided into several doses a day as the serum
phosphate level decreases 1 to 2 hours after administration.
The maximum dosage of oral phosphate may be limited by

development of secondary hyperparathyroidism, which, when
not addressed, may progress to tertiary hyperparathyroidism.

Frequent monitoring and dose adjustment are required
to avoid hypercalcemia, hypercalciuria, nephrolithiasis,
nephrocalcinosis, and hyperparathyroidism [4, 5]. Serum
calcium, phosphorus, creatinine, alkaline phosphatase and
PTH, and 24-hour urinary excretion of calcium and cre-
atinine should be measured within 4 to 6 weeks of initi-
ation. Increased PTH, but normal serum calcium and urine
calcium <3.0 mg/kg body weight/24 hours, suggests a sub-
optimal dose of 1,25(0OH),D, which should be increased
in 0.25-pg/d increments every 3 to 4 weeks until normal
levels are reached. If the patient is hypercalciuric and serum
PTH is normal/low 4 to 6 weeks after a dose change, the
1,25(OH),D dose should be reduced. Once stable dosing
of 1,25(0OH),D and phosphorus is achieved, frequent la-
boratory monitoring every 3 to 4 months for the first year
of treatment and every 6 to 9 months thereafter should
be performed in an effort to avoid hypercalcemia and
hypercalciuria.

Although phosphate and 1,25(OH)2D treatment often
results in biochemical and clinical improvements, patients
may experience an incomplete clinical response, with
subnormal phosphorus levels. Compliance to oral phos-
phorus is challenging because of the high doses required,
its unpleasant taste, and possible gastrointestinal side ef-
fects. Thus, more effective pharmacotherapies for TIO are
needed, especially for patients who cannot be cured by
surgery.

Burosumab, a fully human monoclonal antibody against
FGF23 [54], was approved in June 2020 for the treatment
of adult and pediatric patients with TIO [55]. The starting
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dose is 0.5 mg/kg every 4 weeks, which may be increased
to 2 mg/kg (not exceeding 180 mg) every 2 weeks [56]. It
is also approved in the United States for the treatment of
XLH [54]. In a 144-week, open-label, phase 2 study in 14
adult patients with TIO in the United States, burosumab
(0.3-2.0 mg/kg subcutaneously every 4 weeks) improved
several measures of disease, including: phosphorus homeo-
stasis through week 144; osteomalacia on bone biopsy at
week 48; fracture healing and a reduction in the number
of new fractures at week 144; and symptoms and phys-
ical function [57]. Burosumab had no significant changes
in frequency, type, or severity of adverse events reported
through 144 weeks [57]. Similar results were observed with
burosumab in Japanese and Korean patients with TIO in a
phase 2 open-label study [58].

Although no other therapeutic options are cur-
rently approved for the treatment of TIO, a number
of alternative approaches have been investigated with
mixed results, including chemotherapy, octreotide, and
cryoablation [59-62]. Cinacalcet, an agonist of the
calcium-sensing receptor, has shown some benefit in
increasing renal phosphate reabsorption when used as
adjuvant therapy with conventional treatments [63].
Promising results have also recently been published with
the pan-FGFR tyrosine kinase inhibitor, infigratinib, in
a case of metastatic TIO [64].

For patients who experience pain, referral to physiatry,
occupational therapy, or physical therapy should be con-
sidered to address functional deficits, and referral to pain
specialists may also be appropriate. Occupational therapy
or physical therapy may be particularly important in
postsurgical recovery, especially in severe cases where there
was a long period of immobilization that resulted in muscle
atrophy and general deconditioning.

Conclusions

To expedite diagnosis of TIO, fasting serum phosphorus,
renal phosphate reabsorption, serum 1,25(OH),D, and
serum FGF23 levels should be measured. The appropriate
use of imaging, in particular ®*Ga-DOTA-based PET/CT
scanning in conjunction with anatomical imaging when
available, is essential to locate the FGF23-secreting tumor(s)
driving TIO. Although surgical resection is often curative
for operable tumors, improved medical management of
nonlocalizable/nonresectable tumors is needed. The avail-
ability of targeted therapies such as burosumab is a prom-
ising new approach for such patients. Although this article
offers advice regarding the diagnosis and management of
TIO based on current practice, several potential opportun-
ities to improve treatment are apparent, including gener-
ation of reliable epidemiologic data to better understand

the natural history of disease, as well as improved tumor
localization strategies. Increased awareness of TIO within
the medical community is vital to reduce the time it takes
to reach a firm diagnosis. Ongoing research efforts will at-
tempt to answer these and other open questions in the hope
of furthering our understanding of TIO and improving
treatment outcomes of this debilitating disease.
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