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ARTICLE INFO ABSTRACT

Keywords: Tumor-induced osteomalacia (TIO) is a rare paraneoplastic syndrome clinically characterized by bone pain,
Tumor-induced osteomalacia fractures and muscle weakness. It is caused by tumoral overproduction of fibroblast growth factor 23 (FGF23)
FGF23

that acts primarily at the proximal renal tubule, decreasing phosphate reabsorption and 1a-hydroxylation of 25
hydroxyvitamin D, thus producing hypophosphatemia and osteomalacia. Lesions are typically small, benign
mesenchymal tumors that may be found in bone or soft tissue, anywhere in the body. In up to 60% of these
tumors, a fibronectin-1(FN1) and fibroblast growth factor receptor-1 (FGFR1) fusion gene has been identified
that may serve as a tumoral driver. The diagnosis is established by the finding of acquired chronic hypopho-
sphatemia due to isolated renal phosphate wasting with concomitant elevated or inappropriately normal blood
levels of FGF23 and decreased or inappropriately normal 1,25-OH,-Vitamin D (1,25(0H),D). Locating the tumor
is critical, as complete removal is curative. For this purpose, a step-wise approach is recommended, starting with
a thorough medical history and physical examination, followed by functional imaging. Suspicious lesions should
be confirmed by anatomical imaging, and if needed, selective venous sampling with measurement of FGF23. If
the tumor is not localized, or surgical resection is not possible, medical therapy with phosphate and active
vitamin D is usually successful in healing the osteomalacia and reducing symptoms. However, compliance is
often poor due to the frequent dosing regimen and side effects. Furthermore, careful monitoring is needed to
avoid complications such us secondary/tertiary hyperparathyroidism, hypercalciuria, and nephrocalcinosis.
Novel therapeutical approaches are being developed for TIO patients, such as image-guided tumor ablation and
medical treatment with the anti-FGF23 monoclonal antibody KRN23 or anti FGFR medications. The case of a
patient with TIO is presented to illustrate the importance of adequate and appropriate evaluation of patients
with bone pain and hypophosphatemia, as well as an step-wise localization study of patients with suspected TIO.

Phosphaturic mesenchymal tumors

1. Case report

A 55-year-old woman presented for evaluation of fragility fractures
in the setting of hypophosphatemia. She described a 12-year history of
back and pelvis pain. At age 51, she fell in the bathtub and sustained
multiple rib fractures. Following this event, she developed severe lower
extremity pain and difficulty walking, rendering her unable to work.
She was given a diagnosis of osteoporosis and rheumatoid arthritis and
was placed on therapy with teriparatide and etanercept. At age 53, she
suffered bilateral femoral fractures after minor falls, requiring bilateral
hip replacement and inpatient rehabilitation. Subsequent evaluation
showed high serum parathyroid hormone (PTH) with normal calcium,
low phosphorus and very low 24-hour urine calcium (Table 1: Initial

presentation). The hypophosphatemia was believed to be secondary to
hyperparathyroidism. A neck ultrasound revealed a 8 mm right sided
posterior nodule, and a SESTAMIBI-Technetium scan was suggestive of
a parathyroid adenoma. She was referred for surgery, and underwent a
right hemi-thyroidectomy with resection of three parathyroid glands.
Pathological analysis revealed only hyperplastic changes. Post-surgi-
cally she had significant transient hypocalcemia, requiring intravenous
calcium, and persistent hypophosphatemia. She was discharged on
calcitriol and phosphate supplements and referred to the Section on
Skeletal Disorders and Mineral Homeostasis at the National Institutes of
Health for further evaluation.

On admission, a medical history and physical examination were
negative for tumors. Medical and family history did not suggest a
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Table 1
Laboratory values and treatment doses at different time points.
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Initial presentation

Initial Evaluation at NIH

Pre PMT resection Post PMT resection

Serum phosphorus (2.5-4.8 mg/dL) 1.9 2.0
Serum calcium (2.05-2.50 mmol/L) 2.35 2.27
Alkaline phosphatase (37-116 U/L) 570
TmP/GFR (2.8-4.2 mg/dL) 1.54%
24-hour urinary calcium (50-250 mg/24h) 20

25-OH-vitamin D (10-100 ng/mL) 25
1,25-OH,-vitamin D (18-78 pg/mL) <10
PTH (15-65 pg/mL) 219.0 53.1
Intact FGF23 (10-50 pg/mL) 404

Treatment (dose/24 h)
calcium 1.6 g

Calcitriol 2 pg, phosphorus 1 g,

2.0 4.4
2.14 2.30
187 135
1.46" 4.56"
191
22
17 160
98.6 66.5

42
Calcitriol 4.5 pg, phosphorus 2.25g,  Calcium 1 g, cholecalciferol
calcium 1.5 g 1000 IU

# TmP/GFR measurements made off phosphorus supplements.

genetic cause of hypophosphatemia; there was no exposure to medi-
cations or toxins associated with acquired hypophosphatemia.
Biochemical evaluation showed low serum phosphorus with low tub-
ular maximum reabsorption of phosphate to glomerular filtration rate
(TmP/GFR), elevated alkaline phosphatase, undetectable 1,25(OH),D,
and normal PTH. Intact fibroblast growth factor 23 (FGF23, Kainos
assay) was significantly elevated (Table 1: Initial evaluation at NIH)
and the diagnosis of TIO was established. A skeletal survey revealed
signs of osteomalacia with multiple fractures in ribs, vertebrae and long
bones and secondary thoracic cage deformity (Fig. 1). Pulmonary
function testing showed a severe restrictive disease likely secondary to
multiple rib fractures and rib cage collapse. She required high doses of
calcitriol (2.25 pg bid), phosphorus (750 mg tid), and calcium (500 mg
tid) to maintain low normal serum calcium and phosphorus with
normal 24 h urinary calcium.

While functional imaging by Single-photon emission computed to-
mography (SPECT) Octreoscan™ did not identify a tumor, an F-18
fluorodeoxyglucose positron emission tomography with computerized
tomography (FDG-PET/CT) revealed a hypermetabolic lesion in the T8
vertebral body (Fig. 2). Anatomical imaging with CT and magnetic
resonance imaging (MRI) confirmed a 7 X 10 mm tumor in the pos-
terior right lateral aspect of the vertebral body of T8 (Fig. 3). Given the
high surgical risk associated with the tumor's location, selective venous
sampling with FGF23 measurement was performed. However, results
were not conclusive in confirming the T8 tumor as the source of FGF23
(Fig. 4).

While biopsies/aspirations of PMTs are discouraged due to the
concern for tumor seeding, in this case, given the significant potential
morbidity of the proposed operation, greater diagnostic certainty was
necessary and a CT-guided biopsy was performed. Intact FGF23 levels
in the cell washings of tumor were 1140 pg/mL, significantly higher
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Fig. 1. Skeletal consequences of tumor-induced os-
teomalacia.

A) Chest PA radiograph showing significant loss of
lung volume and an overall bell-shaped rib cage. B)
Fracture in left ulnar shaft (arrow) C) Fracture in left
distal fibula (arrow).

than the simultaneously measured peripheral plasma levels (177 pg/
mL). Histopathology was compatible with a phosphaturic mesenchymal
tumor (PMT). The decision was therefore made to resect the T8 ver-
tebral body by en bloc spondylectomy followed by spinal reconstruction
to remove all metabolically active tissue (Sciubba et al., 2009). The
procedure was well-tolerated, with significant symptomatic improve-
ment, and normalization of intact FGF23 and serum phosphorus levels
without supplementation in the first 10 days after resection. (Table 1:
Pre and post-operative). Histopathology confirmed that the lesion was a
PMT (Fig. 5).

2. Introduction

Tumor-induced osteomalacia (TIO), also known as oncogenic os-
teomalacia, is a rare paraneoplastic syndrome characterized by bone
pain, muscle weakness and fractures associated with persistent hypo-
phosphatemia due to renal phosphate wasting, inappropriately normal
or low 1,25(0H),D and elevated or inappropriately normal fibroblast
growth factor 23 (FGF23). TIO is caused by tumoral overproduction of
FGF23 that acts primarily at the proximal renal tubule to inhibit
phosphate reabsorption and 1a-hydroxylation of 25-hydroxyvitamin D,
which leads to hypophosphatemia and eventually osteomalacia (Chong
et al., 2011a; Minisola et al., 2017).

Since the symptoms are relatively non-specific (Jan de Beur, 2005)
and phosphate levels are not routinely included in many comprehensive
metabolic panels, hypophosphatemia is often overlooked and patients
are misdiagnosed with a variety of skeletal, rheumatologic, or neuro-
psychiatric diseases (Gonzalez et al., 2017; Lewiecki et al., 2008).
Without a timely diagnosis, TIO can lead to a significant decrease in
quality of life, and in some patients, severe functional impairment and
even prostration. Reported length of time from onset of symptoms to
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Fig. 2. Functional Imaging in Tumor-Induced Osteomalacia.
Planar view of an FDG-PET (A) and FDG-PET/CT (B) showing
hyper-metabolic lesion in T8 (arrows) consistent with a pos-
sible phosphaturic mesenchymal tumor.

Fig. 3. Anatomical Imaging in Tumor-Induced Osteomalacia.

Axial images through the T8 vertebral body showing a right-sided lesion on a T2-weighted MR image (A) and a CT scan (B) (arrows) (Sciubba et al., 2009).
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Fig. 4. Selective venous sampling to confirm location of phosphaturic mesenchymal
tumor.

FGF23 was measured at the indicated sites. While the data were suggestive of a lesion in
the anatomical area of the T8/T7 vertebrae, they were not conclusive (e.g. levels in the
left subclavian vein were high as well). Overall the findings were not considered to be
diagnostic in that there was not a focal anatomical site that demonstrated a ratio > 1.6
over systemic circulation (Andreopoulou et al., 2011).
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diagnosis ranges from 2.5-28 years (Chong et al., 2011a; Gonzalez
et al.,, 2017). Fortunately, complete tumoral resection leads to re-
storation of normal mineral metabolism and dramatic resolution of
symptoms. These facts highlight the importance of considering TIO and
including the measurement of serum phosphate in any patient with
persistent bone pain, fractures, or muscle weakness (Jan de Beur,
2005).

This review provides an update on pathophysiological and clinical
aspects of TIO, with emphasis on a step-wise approach to evaluation
and tumor localization as well as new treatments on the horizon.

3. Epidemiology

Approximately 500 cases of TIO have been reported in literature.
The mean age of diagnosis is 40 to 45 years with a wide age range,
including cases reported in children. It appears to be a balanced dis-
tribution between sexes (Gonzalez et al., 2017; Jiang et al., 2012).
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Fig. 5. Histological features of phosphaturic mesenchymal tumors (PMTs).

Bone Reports 7 (2017) 90-97

Panel A depicts a low power view of the entire T8 vertebral body between the intervertebral discs (IVD), with a 0.5 cm PMT (dotted line), adjacent to preserved bone marrow (BM). A
higher power view of the tumor (Panel B) showing typical findings seen in PMTs, including chondroid (“grungy”) matrix (CM), vascularity as demonstrated by abundant venous channels

(*),and areas of lamellar bone (LB). Hematoxylin and eosin (H & E).

4. Pathophysiology

FGF23 acts primarily on renal proximal tubular cells, binding to an
FGF receptor in coordination with its obligate co-receptor, Klotho
(Chong et al., 2011a; Razzaque, 2009). Its effect is to reduce expression
of the sodium-phosphate cotransporters (NaPi-2a and NaPi-2c) in the
proximal renal tubule, leading to decreased renal phosphate reabsorp-
tion. In addition, FGF23 inhibits expression of 25-hydroxyvitamin D3 1-
alpha-hydroxylase, resulting in inadequate production of 1,25(0H),D,
which is necessary for optimal enteral calcium and phosphate absorp-
tion (Chong et al., 2011a; Tsagalis et al., 2009; Bhattacharyya et al.,
2012; Fukumoto, 2008). The vast majority of tumors that cause TIO are
a distinct entity, namely “phosphaturic mesenchymal tumors (PMTs) of
the mixed connective tissue variant” (Minisola et al., 2017; Evans and
Azzopardi, 1972; Weidner and Santa Cruz, 1987; Folpe et al., 2004).
Histologically, PMTs are characterized by neoplastic cells that are
spindle to stellate in shape, normochromatic with small nuclei and in-
distinct nucleoli. The nuclear grade is low, and mitotic activity is
usually absent or very low. The cells are typically embedded within a
myxoid or myxochondroid matrix with ‘grungy’ calcification that can
resemble chondroid or osteoid. Numerous osteoclast-like giant cells are
a frequent finding, and mature fat and even lamellar bone may also be
seen. A prominent feature of these tumors is an elaborate intrinsic
microvasculature with an admixture of vessel size and vascular pattern
(Chong et al., 2011a; Folpe et al., 2004). A key feature of PMTs is the
demonstration of FGF23 production (Minisola et al., 2017). Interest-
ingly, recent evidence shows that, in addition to FGF23, PMTs express
osteogenic cell markers consistent with having differentiated from an
inducible skeletal stem cell (Berglund et al., 2017). PMTs are typically
benign, although malignant presentation and metastases have been
reported (Chong et al., 2011a).

The best-established receptor required for FGF23 signaling is fi-
broblast growth factor receptor-1 (FGFR1). Binding by the ligand and
its co-receptor Klotho activates the mitogen-activated protein kinase
(MAPK) pathway, likely regulating cell proliferation, survival, and
FGF23 secretion (Urakawa et al., 2006; Fukumoto, 2016). Genetic al-
terations at FGFR1 loci are associated with various neoplastic disorders
(Tanner and Grose, 2016). A very relevant finding in understanding
PMTs tumorogenesis was the identification of fibronectin (FN1) and
FGFR1 translocations that led to a FN1-FGFR1 fusion protein in 60% of
studied PMTs by RNA sequencing or FGFR-specific fluorescence in situ
hybridization (FISH) (Lee et al., 2015). Additional studies have con-
firmed this finding although in a smaller proportion of studied tumors
(Berglund et al., 2017; Lee et al., 2016). The FN1-FGFR1 translocation
is predicted to produce a chimeric protein that includes the FN1

93

extracellular domain, and the FGFR1 ligand-binding, transmembrane
and intracellular signaling domains. The extracellular domain of the
putative chimeric protein includes the FN1 dimerization domain,
which, via autodimerization, may facilitate the activation of the FGFR1
kinase domain (Fig. 6) (Lee et al., 2015). Since FN1 is a ubiquitously-
expressed extracellular protein and expression is driven by a strong
promoter, the FN1-FGFR1 fusion gene would presumably be highly
expressed (Minisola et al., 2017; Lee et al., 2015). That the fusion
protein is predicted to preserve its ligand-binding domain suggests an
autocrine or paracrine role of FGF23 in tumorigenesis (Lee et al., 2015).
Whether or not PMTs also express Klotho, in which case FGF23 could
bind and signal in a Klotho-dependent manner, or if FGF23 is able to
bind to the chimeric FN1-FGFR1 receptor and signal in a Klotho-in-
dependent manner, is not known.

In addition to the description of the FN1-FGFR1 translocation, it has
been recently reported that 6% of PMTs present a FN1-fibroblast
growth factor 1 (FGF1) translocation. FGF1 protein is a crucial ligand
for all FGFRs. It acts as a potent mitogen of fibroblasts and is involved
in critical biological functions including development, morphogenesis,
and angiogenesis (Lee et al., 2016). FGFR1 expression, as assessed by
immunohistochemistry, has been demonstrated in 82% of PMTs, re-
gardless of fusion status (Lee et al., 2016). As stated previously, pre-
liminary data suggests the FGFR1 signaling may be implicated in tumor
formation and/or FGF23 secretion (Minisola et al., 2017; Fukumoto,
2016; Martin et al., 2011). The novel FN1-FGF1 protein is expected to
be secreted and it might serve as a ligand that activates FGFR1 to
achieve an autocrine loop (Lee et al., 2016).

These findings have helped us to understand the oncogenic path-
ways of PMTs and may also have relevant therapeutic implications (Lee
et al., 2015). Several FGFR inhibitors are currently in trials for FGFR-
related cancers (Minisola et al., 2017; Parker et al., 2014; Cheng et al.,
2017). These drugs been have shown in preclinical models to regulate
phosphate homeostasis (Minisola et al., 2017; Wohrle et al., 2013) and
may prove to be beneficial in treating unresectable TIO. In fact, the pan
FGFR inhibitor, BGJ398, has been effectively used in a patient with
metastatic TIO (Collins et al., 2015a).

5. Diagnosis

TIO should be suspected in patients presenting with suggestive
symptoms, most commonly bone pain, muscle weakness, and multiple
fractures (Chong et al., 2011a; Jan de Beur, 2005) and with persistent
acquired hypophosphatemia, isolated PTH-independent renal phos-
phate wasting, and low or inappropriately normal 1,25(0OH),D (Chong
et al., 2011a; Gonzalez et al., 2017). Symptoms are commonly non-
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Fig. 6. Fibronectin-fibroblast growth factor receptor 1 translocations in TIO.
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Depicted is the putative chimeric protein generated by the fibronectin-fibroblast growth factor 1 (FN1-FGFR1) translocations that were identified in a subset of the phosphaturic
mesenchymal tumors that cause tumor-induced osteomalacia (Berglund et al., 2017; Lee et al., 2015; Lee et al., 2016). The chimeric protein includes the fibronectin extracellular
autodimerization domain and the FGFR1 ligand binding, transmembrane and intracellular tyrosine kinase signaling domain. As such, the receptor has the potential to autodimerize,
resulting in ligand independent signaling. It can also dimerize after FGF23 binding, thus signaling in a ligand-dependent fashion. Transduction continues through the extracellular
signal-regulated kinase pathway (ERK1/2) and/or the mechanistic target of rapamycin (mTOR) pathway. If Klotho is also expressed by PMTs, it is possible that FGF23 could bind and
signal in a Klotho-dependent manner. This signaling could lead to increased transcription, translation, and secretion of FGF23 by tumor cells via a feed-forward system. (Figure modified

by Jason Berglund) (Minisola et al., 2017).

specific and often progressive. Pediatric patients can develop rickets
and growth retardation (Chong et al., 2011a; Minisola et al., 2017).

Upon the diagnosis of hypophosphatemia, the next step is to confirm
renal tubular phosphate wasting by calculation of tubular reabsorption
of phosphate (TRP) and/or tubular maximum reabsorption of phos-
phate to glomerular filtration rate (TmP/GFR) (Chong et al., 2011a).
TmP/GFR provides the most accurate assessment of renal phosphate
handling, and open access programs that calculate TmP/GFR can be
found online. It is higher in children and decreases with age until the
adult value is achieved by the age of about 20 years (Minisola et al.,
2017; K.U. et al., 1982; Alon and Hellerstein, 1994). TmP/GFR can be
cumbersome to perform properly. It requires urine collected over 2 h in
an individual fasted overnight with blood sampled at the mid-point of
the urine collection. For this reason, TRP is sometimes a more con-
venient first estimate (Minisola et al., 2017). TRP is calculated from
random, simultaneous collections of blood and urine phosphate and
creatinine using the following formula:

TRP% = 100 (1
— ((urine phosphate/urine creatinine) x (serum creatinine

/serum phosphate)))

When the blood phosphate is normal, TRP should be 85-95%; TRP
and TmP/GFR are decreased in patients with TIO (Chong et al., 2011a).
When calculating TRP or TmP/GFR it's important to use consistent units
and to make sure that patients are off phosphate supplements, to avoid
falsely low determinations (Chong et al., 2011a).

After confirming renal phosphate wasting, it is recommended to
measure PTH, 1,25(0OH),D, calcium, total or bone specific alkaline
phosphatase and FGF23 (Minisola et al., 2017). Usually, levels of cal-
cium and PTH are in the normal range, 1,25(OH),D is low or in-
appropriately normal and alkaline phosphatase is elevated (Carpenter,
2000). On occasion, secondary hyperparathyroidism is seen even before
starting medical therapy. It represents a normal physiological response
to low 1,25(0H),D (Jan de Beur, 2005; Liu and Quarles, 2007). Pro-
longed secondary hyperparathyroidism in TIO can lead to tertiary hy-
perparathyroidism (Chong et al., 2011a; Minisola et al., 2017).There
are several FGF23 assays available; some measure the intact molecule
(intact FGF23) and others measure both the intact hormone plus the
carboxy-terminal fragments of the molecule (C-terminal FGF23). Only
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the C-terminal assays are widely available for commercial use. In most
cases the value of “C-terminal FGF23” reflects the values of intact
FGF23, as probably all the FGF23 produced by PMTs is intact (Minisola
et al., 2017). In the great majority of cases, FGF23 levels are elevated.
More than the absolute FGF23 value, it is important to interpret the
level in the context of a patient with hypophosphatemia, given that a
value in the medium-to-high range of normal is inappropriate in this
condition (Chong et al., 2011a; Gonzalez et al., 2017).

Differential diagnosis of hypophosphatemia should include genetic
causes of hypophosphatemic rickets. To rule out these diagnoses, it is
important to obtain a detailed personal and family history to identify
the age of onset of symptoms, the presence of dental abnormalities like
enamel hypoplasia or dental abscesses, history of short stature or ske-
letal deformities, history of nephrocalcinosis or nephrolithiasis, and the
presence of other affected family members. In general, the younger the
patient is at presentation, the more likely the cause is genetic (Chong
et al., 2011a). There are also acquired causes in the differential diag-
nosis of hypophosphatemia. Most of these are the result of renal tubular
damage due to monoclonal gammopathies, exposure to heavy metals,
aminoglycoside antibiotics, certain chemotherapeutic agents, or anti-
retroviral drugs like tenofovir (Chong et al., 2011a). Unlike TIO, Fan-
coni-type syndromes are associated with global proximal renal tubular
defects with metabolic acidosis and evidence of renal wasting of so-
dium, bicarbonate, potassium, and amino acids.

6. Localizing the tumor

Once the diagnosis of TIO is confirmed, localizing the tumor is
critical since its resection leads to complete resolution of the disease.
For this purpose, a step-wise approach is recommended (Chong et al.,
2011a; Minisola et al., 2017) (Fig. 7).

The first step is a thorough medical history and physical examina-
tion looking for any visible or palpable lesions, including a complete
skin and oral cavity evaluation (Chong et al., 2011a).

The second step is functional imaging. Techniques that use soma-
tostatin analogues are the most sensitive, as PMTs express somatostatin
receptors (Haeusler et al., 2010; Mussig et al., 2009; Houang et al.,
2013). An Octreoscan™ uses pentetreotide conjugated with ***Indium,
that can be combined with single photon emission and CT (SPECT/CT)
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Fig. 7. Approach to localization of phosphaturic mesenchymal
tumors (Minisola et al., 2017).

Functional Imaging: DOTA-CT or Octreotide, and FDG/PET
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to obtain 3-dimensional views (Chong et al., 2011a). Recently, modified
octreotide molecules ((Tyr3)-octreotate) have been combined with
chelators as DOTATATE or DOTANOC and then conjugated with posi-
tron emitting isotopes like °®Ga. This compound is utilized to generate
PET scans such as ®®Ga-DOTATATE and combined with CT for anato-
mical correlation (°®Ga-DOTATATE PET/CT) (Chong et al., 2011a;
Minisola et al., 2017). Another functional imaging modality utilized is
F-18 fluorodeoxyglucose positron emission tomography with CT (FDG-
PET/CT), which is based on the increased metabolic activity of PMTs
(Roarke and Nguyen, 2007; Hesse et al., 2007a). Studies comparing
these functional imaging modalities have shown that Octreoscan™
presents a higher sensitivity, specificity, positive and negative pre-
dictive value than FDG-PET/CT (Chong et al., 2013) When comparing
%8Ga-DOTATATE PET/CT to Octreoscan-SPECT/CT and '°F FDG-PET in
TIO localization, *3Ga-DOTATATE PET/CT demonstrates the greatest
sensitivity and specificity, suggesting that it may be the best single
study for localization of PMTs (El-Maouche et al., 2016). At times, tu-
mors can be identified on FDG-PET/CT imaging but not seen on so-
matostatin analog imaging, as in the case presented above (Chong et al.,
2013). Therefore somatostatin analog imaging and FDG-based studies
can be complementary (Minisola et al., 2017). Regardless of the
method, all functional imaging studies must include the entire body
from head to toes including the arms and hands (Chong et al., 2011b).

The third step is to better define, with anatomical imaging, the lo-
cation and quality of the lesion(s) identified on functional imaging. If a
single lesion is identified, contrast enhanced CT or MR of the region is
generally sufficient to confirm the tumor and to assist in planning the
subsequent surgery (Minisola et al., 2017). When multiple suspicious
lesions are identified, or the location of a single lesion suggests a sur-
gery with potential significant morbidity, it is necessary to proceed with
other modalities that confer greater diagnostic certainty before surgery
(Chong et al., 2011a; Minisola et al., 2017). For this purpose, selective
venous sampling with FGF23 measurement has been shown to be a

Surgical excision
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Multiple or anatomically
difficult lesion(s)

sensitive and specific technique for confirming a suspicious lesion
(Andreopoulou et al., 2011). When an FGF23 concentration ratio (be-
tween the venous drainage of the tumor bed and the general circula-
tion) > 1.6 is considered as diagnostic cut-point, this technique has a
sensitivity of 87% and a specificity of 71% (Fig. 8) (Andreopoulou et al.,
2011). Sampling without a pre-test suspicious lesion, or “blind” sam-
pling, has not shown to be a useful localizing technique for PMTs
(Andreopoulou et al., 2011). Exceptionally, as in our patient's case,
biopsy with FGF23 determination of a lesion is needed to confirm a
tumor as the source of FGF23. In general, biopsy is not recommended
due to the potential for tumor cell seeding (Minisola et al., 2017).
Even after a complete and thorough study, the culprit tumor might not
be localized. In these cases, periodic follow-up with medical history,
physical examination and imaging is recommended (Chong et al., 2011a).
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Fig. 8. Example of a positive result on selective venous sampling.
A suspicious lesion had previously been identified in the fat pad of the left heel
(Andreopoulou et al., 2011).
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7. Treatment

The first treatment option is complete resection of the tumor with
wide margins. Surgery is considered the only definitive treatment
(Chong et al., 2011a; Minisola et al., 2017). It is very important to aim
for complete resection of the tumor, as recurrences have been reported
(Chong et al., 2011a), including cases with malignant characteristics
(Uramoto et al., 2009). While these tumors are often small and not
locally aggressive, per se, they are not encapsulated and tend to be
locally infiltrative, especially along the trabeculae of bone. Therefore, a
wider excision than initially seems necessary is suggested. Post-opera-
tive radiotherapy for margin positive tumors has been reported, but
data are still limited (Minisola et al., 2017; Tarasova et al., 2013). After
resection, there is a rapid clinical recovery, with serum phosphorus and
intact FGF23 returning to normal within the first 5 days in most pa-
tients (Chong et al., 2013). During the recovery phase, while the ske-
leton is actively remineralizing, patients may transiently require sup-
plemental calcium to prevent hypocalcemia and secondary
hyperparathyroidism in the face of a now robust 1,25(0OH),D level.

On occasion, complete resection is not possible. Tumors may be
located in difficult to access areas, or where surgery would likely in-
troduce significant morbidity. This is especially true in patients with
poor performance status due to comorbid conditions. Image-guided
ablation with radiofrequency or cryoablation is a promising alternative
for this group of patients, with little morbidity and short hospital stays.
Although surgery remains the treatment of choice, image-guided abla-
tion may be an effective, less invasive, and safe treatment for patients
with inoperable TIO (Hesse et al., 2007b; Tutton et al., 2012; Tella
et al., 2017). However, long term efficacy of these modalities has not
been demonstrated.

In cases where it is not possible to detect and/or completely resect
the tumor, medical treatment is indicated. Phosphorus and active vi-
tamin D (calcitriol or alfacalcidol) supplementation is the mainstay of
treatment, with the goal of improving symptoms and healing osteo-
malacia, while maintaining phosphatemia in the lower end of the
normal range, and PTH and alkaline phosphatase in the normal range.
The treatment regimen is 15-60 mg/kg per day of elemental phos-
phorus (typically 1-3 g/day) divided into 4-6 doses and calcitriol
15-60 ng/kg per day divided in two doses, with a typical starting dose
of 1.5ug/day in an adult (Chong et al., 2011a). As previously men-
tioned, secondary hyperparathyroidism can be seen on presentation or
it can develop as a result of phosphorus supplementation. Prolonged
supplementation can lead to the development of tertiary hyperpar-
athyroidism. Active vitamin D is used to prevent or treat secondary
hyperparathyroidism. The goal is to keep the PTH in the normal range.
Addition of calcium supplements or increases in active vitamin D are
indicated for difficult to normalize PTH, very low urinary calcium or
hypocalcemia. This can especially occur at the outset of treatment of
osteomalacia as the skeleton begins to mineralize at a high rate. One
consequence of over-treatment with active vitamin D is the develop-
ment of hypercalciuria and the risk for nephrocalcinosis/nephrolithiasis
(Chong et al., 2011a). For these reasons, treatment monitoring with
serum phosphorus, calcium, alkaline phosphatase, PTH, and 24-hour
urine calcium and/or urinary calcium/creatinine ratio should be rou-
tinely checked and treatment titrated to fulfill goals avoiding compli-
cations (Chong et al., 2011a).

Lowering PTH with the calcimimetic cinacalcet has been reported
to decrease phosphaturia, reduce the need for phosphate and calcitriol
supplements, and bring about bone healing. The main side effect is the
development of hypercalciuria. It appears as a promising treatment that
still requires further studies for confirmation (Geller et al., 2007).

8. Future directions

The recent identification of FN1/FGFR1 translocations as a relevant
pathophysiological mechanism in TIO has expanded our understanding
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of the oncogenic pathways of PMTs and will probably increase our
understanding of FGF23-mediated mineral homeostasis (Minisola et al.,
2017). It also has relevant therapeutic implications. This notion is
supported by preliminary in vitro evidence showing that addition of the
selective, pan-FGFR inhibitor, BGJ398 with and without the synergistic
mTOR-inhibitor rapamycin, decreased FGF23 production by 80% in a
FN1/FGFR1 translocation positive tumor, but had a negligible effect on
a tumor lacking the translocation (Berglund et al., 2017). Also, BGJ398
was both tumoricidal and significantly inhibited FGF23 secretion in a
patient with metastatic TIO (Collins et al., 2015b). However, further
studies evaluating FGFR inhibitors are needed. Much remains to be
understood on how this translocation drives tumor formation and
FGF23 secretion (Minisola et al., 2017), as well as on tumoral pathways
involved in PMTs that are translocation negative.

Another promising line of treatment for unresectable TIO is the
FGF23 monoclonal antibody drug, KRN23 (Carpenter et al., 2016). It
has been shown to decrease the activity of FGF23 interfering with
formation of the FGF23-Klotho-receptor complex (Aono et al., 2011).
KRN23 appears to significantly and safely increase TmP/GFR, serum
phosphate and 1,25(OH),D in patients with X-linked hypopho-
sphatemic rickets (Carpenter et al., 2014). Preliminary evidence shows
that KRN23 treatment increases serum phosphate and 1,25(0OH),D in
subjects with TIO (Carpenter et al., 2016). These data suggest that
KRN23 will potentially be an effective therapy for patients with TIO
who cannot be cured easily with surgery (Minisola et al., 2017;
Fukumoto, 2016).

In summary, TIO is a rare paraneoplastic syndrome caused by un-
regulated over-secretion of FGF23. Causative lesions are benign me-
senchymal tumors that may be found anywhere in the body. While the
tumors can be difficult to locate, a stepwise approach that involves
functional imaging, followed by anatomical imaging, and, if necessary,
selective venous sampling or aspiration for confirmation is usually
successful. Excision with wide margins is important to avoid late re-
currence. When tumors cannot be identified, medical treatment can be
successful though periodic surveillance is necessary. Recent pathophy-
siological findings and novel therapeutical approaches open promising
perspectives for the treatment of patients with TIO (Chong et al., 2011a;
Minisola et al., 2017).
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