Bone 152 (2021) 116064

Contents lists available at ScienceDirect

Bone

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/bone

Review Article ' :.) ]
Challenges in the management of tumor-induced osteomalacia (TIO) Rt

Maria Luisa Brandi®, Gavin P.R. Clunie”", Pascal Houillier ¢, Suzanne M. Jan de Beur*,
Salvatore Minisola ¢, Ralf Oheim |, Lothar Seefried ¢

2 FirmoLab, FIRMO Foundation, Stabilimento Chimici Farmaceutico Militare di Firenze, Via Reginaldo Giuliani 201, 50141 Florence, Italy

b Cambridge University Hospitals, Box 204, Hills Road, Cambridge CB2 0QQ, UK

¢ Centre de Recherche des Cordeliers, INSERM, Sorbonne Université, Université de Paris, Hopital Européen Georges Pompidou, 20 Rue Leblanc, 75015 Paris, France
4 Johns Hopkins University School of Medicine, 733 N Broadway, Baltimore, MD 21205, USA

€ University of Rome “Sapienza”, Piazzale Aldo Moro 5, 00185 Rome, Italy

f University Medical Center Hamburg-Eppendorf, Lottestr. 59, 22529 Hamburg, Germany

& Julius-Maximilians University, Brettreichstr. 11, 97074 Wiirzburg, Germany

ARTICLE INFO ABSTRACT

Keywords:
Tumor-induced osteomalacia
Fibroblast growth factor 23

Tumor-induced osteomalacia (TIO), also known as oncogenic osteomalacia, is a rare acquired paraneoplastic
disease, which is challenging to diagnose and treat. TIO is characterized by hypophosphatemia resulting from
excess levels of tumor-secreted fibroblast growth factor 23 (FGF23), one of the key physiological regulators of

Ic-)lytpopholsp }'1atem1a phosphate metabolism. Elevated FGF23 results in renal phosphate wasting and compromised vitamin D acti-
steomalacia . . L. . . ; . . o
Fractures vation, ultimately resulting in osteomalacia. Patients typically present with progressive and non-specific

symptoms, including bone pain, multiple pathological fractures, and progressive muscle weakness. Diagnosis
is often delayed or missed due to the non-specific nature of complaints and lack of disease awareness. Addi-
tionally, the disease-causing tumour is often difficult to detect and localize because they are often small, lack
localizing symptoms and signs, and dwell in widely variable anatomical locations.

Measuring serum/urine phosphate should be an inherent diagnostic component when assessing otherwise
unexplained osteomalacia, fractures and weakness. In cases of hypophosphatemia with inappropriate (sustained)
phosphaturia and inappropriately normal or frankly low 1,25-dihydroxy vitamin D, differentiation of the po-
tential causes of renal phosphate wasting should include measurement of FGF23, and TIO should be considered.

While patients experience severe disability without treatment, complete excision of the tumour is typically
curative and results in a dramatic reversal of symptoms. Two additional key current unmet needs in optimizing
TIO management are: (1 and 2) the considerable delay in diagnosis and consequent delay between the onset of
symptoms and surgical resection; and (2) alternative management. These may be addressed by raising awareness
of TIO, and taking into consideration the accessibility and variability of different healthcare infrastructures. By
recognizing the challenges associated with the diagnosis and treatment of TIO and by applying a stepwise
approach with clear clinical practice guidelines, patient care and outcomes will be improved in the future.

1. Introduction

Tumor-induced osteomalacia (TIO) or oncogenic osteomalacia is a
rare paraneoplastic syndrome caused by phosphate wasting as a result of
excess levels of tumour-secreted fibroblast growth factor 23 (FGF23)
[1-4]. The clinical manifestations and symptoms, including bone pain,
fractures, muscle weakness and skeletal deformities, can have a severe
impact on the quality of life of patients [5,6]. TIO is difficult to diagnose
as the manifestations are non-specific, often leading to a delay in
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diagnosis of many years, which increases the risk of severe disabilities in
affected patients [4,6,7]. Although less than 1000 cases have been re-
ported in the literature [5], the exact global incidence and prevalence of
the disease remains unclear. The lack of formal epidemiological data and
a specific ICD10 code makes it difficult to assess the incidence and to
estimate the global clinical burden of TIO [7-9].

To improve timely diagnosis of TIO and specific treatment of affected
patients, healthcare providers need to be aware of the options for and
challenges of optimal TIO management. With vast heterogeneity in
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terms of healthcare infrastructure, access to services, advanced tech-
nologies and disease expertise, there is no agreement on standard of care
for optimal TIO management. It is essential to recognize these challenges
and offer solutions to facilitate implementing clear guidelines, raising
awareness of TIO and improving patient care.

This review summarises the expert opinions of the authors from
several working sessions. Key challenges associated with the diagnosis,
treatment and management of TIO were identified for the purpose of
raising awareness of the pathophysiology and enigmatic clinical pre-
sentation of the disease.

2. Overview of TIO etiology and pathophysiology

TIO is predominantly caused by tumors that ectopically secrete
FGF23, a primary regulator of phosphate and vitamin D homeostasis
[2,4]. Production of FGF23, which escapes feedback control, leads to
pathophysiological ‘amplified’ effects of normal FGF23 function. FGF23
function; specifically decreased renal tubular phosphate reabsorption
resulting in hypophosphataemia and a low level of active vitamin D.
Furthermore, elevated FGF23 may affect expression of osteopontin,
alkaline phosphatase (ALP) and the renal calcium channel transient
receptor potential vanilloid 5 (TRPV5) [8,9]. Overall, through the above
mechanisms, increased levels of FGF23 lead to defective bone mineral-
isation (osteomalacia in adults or rickets in the paediatric growing
skeleton). Furthermore, FGF23 may directly impair mineralisation [9].
How FGF23 elicits signs and symptoms not directly associated with
mineral homeostasis and vitamin D metabolism, e.g. weakness, remains
to be understood. Whether additional, yet-to-be identified factors,
secreted by the tumour are responsible for these manifestations remains
a possibility. Importantly, understanding both the direct and indirect
roles of FGF23 in bone and mineral homeostasis and vitamin D meta-
bolism provides important insight into the pathophysiology of TIO.

2.1. Importance of phosphate homeostasis

Phosphate plays a vital role in multiple physiological processes,
including energy metabolism, cell signaling, bone mineralization and
muscle function [6,16-18]. Phosphate is also important for the delivery
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of oxygen to the peripheral tissue [19]. Maintaining extracellular and
intracellular phosphate levels within a normal range, i.e. phosphate
homeostasis, is critical for health and well-being at all ages. Disruption
of phosphate homeostasis can lower serum phosphate levels and ulti-
mately lead to chronic hypophosphatemia, resulting primarily in
impairment of bone and potentially muscle function, which, accord-
ingly, has a severe detrimental impact on musculoskeletal health and
quality of life [6,16,18,20].

The endocrine factors and main regulators of calcium and phosphate
homeostasis include parathyroid hormone (PTH), 1,25-dihydroxyvita-
min D (1,25(0OH)2D) and a group of proteins called phosphatonins, of
which FGF23 is best known [7,11,12]. These should, therefore, be
considered calciophosphotropic hormones as there is an interconnection
between calcium and phosphate pathways. These pathways include a
network of humoral interactions and feedback loops required to main-
tain homeostasis, involving the intestine, kidney, parathyroid gland, and
bone [21].

2.1.1. FGF23 role in phosphate homeostasis

Under physiological conditions, FGF23 is expressed predominantly
in bone, where it is believed to be primarily produced by osteocytes and
osteoblasts [22,23]. Also, recent research reports FGF23 secretion from
erythroid progenitor cells [23-25]. Ultimately, intact FGF23 is degraded
by proteolytic enzymes [26,27]. FGF23 acts through binding to fibro-
blast growth factor receptor 1 and co-receptor o-Klotho complex
(FGFR1-a-Klotho) to downregulate the activity of sodium-dependent
phosphate co-transporter proteins NaPi-Ila and NaPi-Ilc, which play a
crucial role in reabsorption of phosphate by the renal proximal tubular
cells in the kidney [28-30]. By downregulating NaPi-Ila and NaPi-Ilc,
FGF23 reduces renal phosphate reabsorption and increases renal phos-
phate excretion, thereby promoting hypophosphatemia [18,31,32].
FGF23 decreases 1,25(0OH),D synthesis by suppressing 1a-hydroxylase
and promotes 1,25(0H);D catabolism by increasing 24-hydroxylase
activity leading to reduced gastrointestinal phosphate absorption
[29,31]. Thus, in TIO, the excess FGF23 secreted by the tumors greatly
reduces phosphate reabsorption and absorption in the kidney and in-
testine, respectively, resulting in hypophosphatemia and phosphaturia,
presenting clinically as osteomalacia and myopathy (Fig. 1) [6,29,33].
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Fig. 1. Effects of pathological increase in FGF23 secreted from tumor cells on phosphate homeostasis.
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2.2. Tumors associated with TIO

Typically, tumours associated with TIO are small, slow-growing,
mesenchymal tumors, of which the vast majority are classified patho-
logically as phosphaturic mesenchymal tumors (PMTs) of the mixed
connective tissue variant [34,35]. These tumors can be located any-
where in the body, involving either bone or connective tissues [34-37].
In rare instances, FGF23-secreting myopericytomas may be associated
with TIO [38].

PMTs are morphologically distinctive neoplasms that are histologi-
cally defined by small, bland spindle- to stellate-shaped cells, embedded
within a myxoid or myxochondroid matrix with ‘grungy’ calcification
that resembles chondroid or osteoid, with a high vascularity of variable
vessel size and pattern. PMTs express FGF23 and other phosphatonins at
both the ribonucleic acid (RNA) and the protein level [35,39,40].

In one study, fusion genes were reported in half of PMTs, the most
common of which is the fusion of FN1 (which encodes for fibronectin 1)
and FGFR1 (which encodes for fibroblast growth factor receptor 1) [41].
A novel FN1-FGF1 fusion gene was also identified without FN1-FGFR1
fusion. The FN1-FGFR1 fusion gene is thought to play a key role in
FGFR1-signaling pathways, leading to FGF23 over-expression and tumor
growth. Although this gene has been found to be ineffective as a diag-
nostic marker, it may be useful as a potential therapeutic target [40-43].

PMTs are typically benign and singular but, in rare cases, can be
multifocal, malignant, or metastatic [35,37,44-46]. Occasionally, sec-
ondary TIO presents as a paraneoplastic syndrome in association with
several advanced cancers, including colon, ovarian, breast, lung, and
prostate cancer [6,47-50].

3. Clinical presentation of patients with TIO

The mean age of TIO onset is 40-45 years [8,37]; however, it can
occur in children and the elderly (>70 years) [51-53]. TIO affects men
and women equally [37].

The main symptoms of TIO are usually not related to the tumor itself
but are the consequence of the FGF23 that the tumors secrete, with
resultant severe chronic hypophosphatemia [6,7,54]. Analyses of 144
cases of TIO revealed the most common signs and symptoms of the
disease to be bone pain, difficulty walking, muscle weakness, patho-
logical fractures, and height loss, all of which can profoundly affect
patients' mobility and quality of life (Table 1) [55]. In some instances,
the tumor may cause local symptoms, though this is dependent on
location and size of the lesion. For example, sinonasal tumors may
present with nasal obstruction and bleeding [6,55]. A review of 163
patients with head and neck TIO found that 44% experienced local
symptoms [56].

In general, the first and predominant symptom experienced in TIO is
bone pain, often starting in the lower limbs, most commonly the feet and
ankles, and caused by fractures or pseudofractures rather than joint pain
[55]. Fatigue is also common in patients with TIO [57,58].

Table 1
Clinical manifestations in 144 TIO patients.
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TIO-acquired hypophosphatemia causes a rapid onset of osteoma-
lacia, which if left untreated, subsequently progresses to a decline in
overall health. Due to the chronic nature of the hypophosphatemia and
the consequent severe and progressive osteomalacia, by the time pa-
tients are correctly diagnosed, they may have already developed major
skeletal complications, including thoracic and spinal deformity and se-
vere disability [4].

Clinical presentation of TIO in children includes rickets and growth
retardation, however, pediatric TIO cases are extremely rare. A review
of 163 cases of head and neck TIO revealed only three pediatric cases
[56]. Out of approximately 160 TIO cases identified in the literature in
2011, less than 20 occurred during childhood and adolescence [59].
Given the rarity of paediatric TIO, means it is often misdiagnosed as
hereditary hypophosphatemia [4,51]. Nevertheless, iin the paediatric
population, genetic testing to rule out hereditary hypophosphatemia
should be performed before the diagnosis of TIO is made.

4. Challenges of TIO diagnosis

The diagnosis of TIO can be extremely challenging and significantly
delayed, mainly due to its non-specific clinical presentation and the lack
of awareness among healthcare professionals of this rare insidious dis-
ease. This delay can lead to a considerable and prolonged physical and
psychological burden for patients. Establishing the correct diagnosis can
take years. The average duration from onset of symptoms to diagnosis of
hypophosphatemia is 2.9 years and to tumor resection is 5.4 to 5.7 years
[55,60], although the delay between symptom onset and curative sur-
gery can take up to 40 years [60]. One of the primary issues that account
for this diagnostic delay is the failure to measure serum phosphate in the
evaluation of patients with fracture or with widespread pain and fatigue,
or a suspicion of osteomalacia [23]. It would be wise therefore to
measure fasting serum phosphate among the panel of tests done to
evaluate a patient with such clinical features or one suspected of having
bone disease.

In general, symptomatic patients initially seek help from primary
care physicians, who if unaware of this extremely rare disease, may not
know that early referral is vital as the disease is progressive. Further-
more, as the non-specific symptoms of TIO overlap with other more
common disorders, almost all cases of TIO (up to 95%) are misdiagnosed
in the first instance [55,57], often with a variety of musculoskeletal,
rheumatological, oncological, and even psychiatric disorders
[7,55,57,58]. The most common misdiagnoses include intervertebral
disc herniation (19%), spondyloarthritis (16%), and osteoporosis (15%)
[55], and even disseminated malignancy of unknown cause [61]. This
generally leads to ineffective treatment and a delay in potentially curing
the disease. Due to the progressive nature of the disease, a delay in
appropriate treatment leads to severe osteomalacia and ultimately
irreversible disability. Accordingly, access to appropriate high-quality
medical care appears critical for optimal diagnostic and therapeutic
patient management. The diagnosis of TIO relies on a combination of

Clinical manifestations Number (%) Sites

Lower limbs (54%), lumbar and back pain (26%), sternocostal pain (13%), diffuse bone pain (3%), shoulder pain (2%), neck ache (1%)

Bone pain 143 (99%)

Difficulty in walking 134 (93%) -

Pathological fracture 115 (80%) Vertebrae (58%), ribs (43%), femur (24%), pelvis (20%)
Height loss 99 (69%) -

Muscle weakness 94 (65%) -

Thoracic deformity 48 (33%) -

Spinal deformity 39 (27%) -

Tooth loss or loose tooth 25 (17%) -

Local lump 21 (15%) -

TIO, tumor-induced osteomalacia.
Adapted from Feng et al. [55].
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Patients present with unexplained
ongoing musculoskeletal complaints
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Fig. 2. Biochemical diagnostic algorithm showing the clinical and biochemical approach to the diagnosis of TIO and solutions to diagnostic challenges.

tMild hypophosphatemia might be missed by a non-fasting serum phosphate measurement; ‘TRP and TmP/GFR must be measured off phosphate replacement; 1,25
(OH),D should be supplemented if reduced.
1,25(0OH),D, 1,25-dihydroxyvitamin D (calcitriol); 25(OH)D, 25-hydroxyvitamin D; %8GA-DOTATATE PET/CT, ®®Gallium; ALP, alkaline phosphatase; CSHS, cuta-
neous skeletal hypophosphatemia syndrome; CT, computed tomography; DMP1, dentin matrix protein 1; ENPP1, ectonucleotide pyrophosphatase/phosphodiesterase
1; FD/MAS, fibrous dysplasia; FGF23, fibroblast growth factor 23; HHRH, hereditary hypophosphatemic rickets with hypercalciuria; MAS, McCune-Albright syn-
drome; MRI, magnetic resonance imaging; NGS, next generation sequencing; PET, positron emission tomography; PHEX, phosphate-regulating endopeptidase ho-
molog on the X chromosome; PTH, parathyroid hormone; TIO, tumor-induced osteomalacia; TmP/GFR, ratio of tubular maximum reabsorption of phosphate to
glomerular filtration rate; TRP, tubular reabsorption of phosphate.
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extensive clinical evaluation, biochemical testing, specialized imaging,
and surgical expertise to confirm osteomalacia and ultimately locate and
completely resect the tumor. The definitive diagnosis is established once
the causative tumor has been identified and biochemical symptoms
resolve following complete surgical resection (Fig. 2) [4,6,58].

The diagnostic challenges may further be reflected by the difference
in healthcare settings in various countries and how readily patients can
access healthcare, the nature of the primary care work-up, the ease of
referral to specialists, and the configuration of secondary care.

4.1. Challenges of diagnostic testing

Due to the ambiguous clinical presentation of TIO, biochemical
findings play a crucial role in diagnosis.

4.1.1. Phosphate

The first step should be to establish the presence of hypo-
phosphatemia in patients with unexplained ongoing musculoskeletal
complaints, such as bone pain, multiple fractures, muscle weakness,
fatigue, and decreased mobility, at which time serum phosphate should
be tested (Fig. 2). It is noteworthy that, owing to the direct relationship
between dietary phosphate and serum phosphate measurements, the
degree of hypophosphatemia can be underestimated if serum phosphate
is not tested in the fasting state [16,62]. As osteomalacia is usually
associated with abnormalities in calcium and vitamin D, serum phos-
phate assessment may not be part of the routine evaluation in many
clinical centers and hypophosphatemia may be missed. Consequently,
this leads to a delay in recognizing hypophosphatemia, ultimately
delaying the diagnosis of TIO [7,58].

4.1.2. TmP/GFR

The next key step is to confirm the presence of renal phosphate
wasting (Fig. 2). This is assessed by calculating either the percentage
TRP, or the ratio of tubular maximum phosphate reabsorption to
glomerular filtration rate (TmP/GFR), which is low in patients with TIO.
TmP/GFR requires measuring phosphate and creatinine levels in the
fasting state from blood and urine or collection of urine over two
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consecutive 1-hour sample periods, with blood sampling midpoint of
urine collection [4,6,63]. (TmP/GFR calculation available at: http://ba
spath.co.uk/calculations/renal_tubular_reabsorption_of ph.htm.)

In addition to low serum phosphate and decreased TmP/GFR or TRP,
further laboratory tests should be performed and repeated if necessary,
to identify the following typical biochemical indicators of TIO: low/
inappropriately normal 1,25(0OH);D, normal/low serum calcium, low
urinary calcium, normal PTH elevated ALP, and elevated/inappropri-
ately high serum FGF23 (Fig. 2 and Table 2) [6,27,58]. It is important to
note that renal tubular glucose, bicarbonate and low molecular weight
protein reabsorption are not affected in TIO.

4.1.3. 1,25(0H)2D

Testing for 1,25(0OH)2D should be performed to identify whether
renal phosphate wasting is FGF23-mediated, as indicated by either
lowered or inappropriately low normal levels of 1,25(0OH),D levels in
relation to hypophosphatemia. In addition, urinary calcium levels pre-
clude a diagnosis of HHRH (Table 2) [6].

4.1.4. PTH

In some cases, PTH levels can be high due to secondary hyperpara-
thyroidism caused by concomitant 25-hydroxyvitamin D deficiency and
‘inappropriately’ low 1,25(OH),D (in response to the increased FGF23
levels), even though FGF23 itself reduces PTH secretion [27,58,72].
Prolonged secondary hyperparathyroidism in TIO can lead to tertiary
hyperparathyroidism due to extended stimulation of the parathyroid
glands, causing parathyroid autonomy [6,58,73]. Thus, PTH testing
should be carried out to rule out secondary and tertiary hyperparathy-
roidism, which can potentiate renal phosphate wasting and hypo-
phosphatemia [4-7].

4.1.5. FGF23

Serum or plasma FGF23 measurement plays an essential role in the
diagnosis and ongoing management of TIO. As the test is not available in
every center, sample shipment following diligent pre-analytical
handling or patient referral should be considered. In most patients
with TIO, FGF23 levels are increased but, depending on the individual’s

Table 2

Typical biochemical indicators of acquired and inherited conditions of hypophosphatemia.
Renal hypophosphatemia P sCa uCa PTH 25(0H)D 1,25(0OH),D TRP or TmP/GFR" ALP FGF23
Acquired causes
TIO 1 N 1 Nort N lor N° 1 Nort Inappropriately N, 1 or 1 1
Vitamin D deficiency lorN lorN 1 1 1 JlorNor 1t lorN Nor 1 lorN
CSHS ! LorN ! Nort N N° ! 1 Nor t
FD/MAS Nor| lorN 1 Nort N N 1 Nort Nort
Acquired Fanconi syndrome®* 1 - 1 Nor 1 - lorN 1 1 !
Intravenous iron infusion [68,70] 15 lorN - 1 lorN l Nort lorNor 1
Inherited causes
XLH 1 lorN 1 Nor 1t N lorN 1 1 Nor 1t
ADHR 1 lorN | N N lorN 1 1 Nor 1t
ARHR l JorN 1 N N JorN 1 T Nort
HHRH 1 N Nort lorN N ) 1 1 lorN
HRHPT 1 T ! 1 N N 1 1 T
Fanconi syndrome type 2¢ 1 N 1 N N lorN 1 1 lorN

1, increased levels; 11, markedly increased levels; |, decreased levels; ||, markedly decreased levels; 1,25(OH),D, 1,25-dihydroxyvitamin D; 25(OH)D, 25-hydroxy-
vitamin D; ADHR, autosomal-dominant hypophosphatemic rickets; ALP, alkaline phosphatase; ARHR, autosomal-recessive hypophosphatemic rickets; CSHS, cuta-
neous skeletal hypophosphatemia syndrome; FD/MAS, fibrous dysplasia/McCune-Albright syndrome; FGF23, fibroblast growth factor 23; HHRH, hereditary
hypophosphatemic rickets with hypercalciuria; HRHPT, hypophosphatemic rickets with hyperparathyroidism; N, normal levels; P, phosphate; PTH, parathyroid
hormone; TIO, tumor-induced osteomalacia; TmP/GFR, ratio of tubular maximum phosphate reabsorption to glomerular filtration rate; sCa, serum calcium; uCa,

urinary calcium; XLH, X-linked hypophosphatemia.
2 TRP and TmP/GFR must be measured off phosphate replacement.
b Decreased relative to serum phosphate concentration.

¢ Can result from certain antivirals, chemotherapeutic agents, immunosuppressives, antibiotics, monoclonal gammopathy, heavy metal exposure or lymphoblastic

leukemia [126,127].

4 Generalized aminoaciduria is a key metabolic feature of Fanconi syndrome [126].

Adapted from Minisola et al. [6] and Haffner et al. [118].
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ability to cleave FGF23, some patients may have 'normal’ FGF23 levels —
but inappropriately so in the biochemical context. As such, FGF23 levels
should always be interpreted in the context of the fasting serum phos-
phate and TRP or TmP/GFR. Different FGF23 assays are available. A
general distinction is being made between those measuring the intact
molecule and those detecting the carboxy-terminal (C-terminal) frag-
ment of FGF23. Although C-terminal FGF23 assays are more widely used
and considered less susceptible to pre-analytical flaws, they do not
indicate the amount of the biologically active intact FGF23 molecule
[6,71.

Elevated FGF23 levels exclude a diagnosis of acquired or hereditary
renal Fanconi syndrome (unless there is concomitant renal failure or
dysfunction), vitamin D deficiency, and hereditary hypophosphatemic
rickets with hypercalciuria (HHRH) (Table 2) as causes of hypo-
phosphatemia [4,6,64].

While FGF23-mediated hypophosphataemia occurs in virtually all
patients with TIO, it is non-specific with similar biochemical profiles
being found as a result of some other inherited or acquired disorders, as
shown in Table 2 [4,6,7,65-67]. Although the mechanism is not fully
known, acquired FGF23-mediated hypophosphatemia can develop from
repeated treatment with some forms of parenteral iron, the subject now
of an extensive number of case reports and case series in the literature
[68-70]. Recent evidence suggests that iron carboxymaltose may impair
FGF23 cleavage [71].

4.1.6. Genotyping

In the differential diagnosis of hypophosphatemia, where the plasma
FGF23 is either directly elevated or inappropriately normal, genetic
causes should be excluded as some are essentially phenocopies of TIO
[4]. The differentiation between FGF23-dependent and FGF23-
independent forms of hypophosphatemia is challenging in daily prac-
tice and in these instances genotyping of pathological variants by next
generation sequencing (NGS), particularly for PHEX, FGF23, DMP1 and
ENPP1 genes, is indicated to rule out inherited forms of hypo-
phosphatemia [4,7,74,75].

Therefore, if TIO is suspected, a thorough medical and family history,
including age of onset, a detailed physical examination, and a
biochemical diagnosis of FGF23-mediated hypophosphatemia, is
required for a full differential diagnosis to encompass all causes of ac-
quired and genetically determined hypophosphatemia [4,7,76]. In some
instances, genetic testing for inherited forms of hypophosphataemic
rickets may be indicated [7,58].

4.2. Challenges in tumor localization

Once TIO is suspected, the next crucial step is to accurately localize
the causal tumor so that a cure can be achieved with complete surgical
resection [6,7]. This can be a major diagnostic challenge because PMTs
are often small, slow-growing, and elusive, occurring anywhere in the
body in both bone and soft tissue. A review of 308 TIO cases found that
most tumors originated in the lower extremities (42%) and the cranio-
facial region (21%) but could also occur in the hip and pelvic area
(12%), abdomen, thorax and neck (11%), and upper extremities (9%)
[37]. A thorough medical history and physical examination may, on
some occasions, reveal a recent lump [6]. However, in most cases,
radiographic imaging is required to localize the tumor.

In cases where a tumor cannot be located to confirm TIO, other
inherited and acquired forms of FGF23-dependent hypophosphatemia
must be revisited and ruled out, including genetic testing (Table 2).
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4.3. Diagnostic imaging challenges

Once the biochemical diagnosis is confirmed and an FGF23-
producing PMT is suspected, a structured and stepwise approach to
imaging is used to avoid unnecessary radiation and superfluous imaging.
To localize PMTs, the entire body (from the top of the head to the fin-
gertips and the tips of the toes) needs to be scanned, including the whole
head and distal extremities where tumors are frequently located [6,37].
This should start with functional (nuclear medicine) imaging to detect
potential PMTs followed by anatomical imaging in areas of uptake
detected on functional imaging, for more precise tumor localization and
characterization for surgery [4,6,7,771.

An overview of common functional imaging techniques is provided
in Table 3. Several functional imaging techniques exploit the fact that
somatostatin receptors (SSTRs), in particular SSTR type 2 (SSTR2), are
highly expressed in PMTs. SSTRs can be detected with functional nuclear
medicine imaging employing somatostatin analogs (e.g. octreotide,
pentetreotide, and octreotide derivatives) bound to various radionu-
clides, and imaged using either single photon emission computed to-
mography (SPECT) or positron emission tomography (PET) scanning —
termed somatostatin receptor scintigraphy (SRS).

Evolving evidence shows that °®Ga-DOTA-Phe!-Tyr>-Thr®-octreotate
(°®Ga-DOTATATE) PET/computed tomography (CT) is superior to older
SRS techniques (e.g. 111In—pentetreotide [OctreoScan™]) and to 18p.
fluorodeoxyglucose (*8F-FDG) PET/CT in locating PMTs [78-84]. This is
likely due to the higher affinity of ®*Ga-DOTATATE binding to SSTR2
combined with the advantages of PET [85]. Based on pooled values from
two recent meta-analyses, the detection rate of culprit PMTs using %Ga-
DOTATATE-PET/CT is 88-90% [83,84]. Other SSTR binding (‘DOTA")
radiopharmaceuticals have now been developed, and a recent retro-
spective study indicated a 94.1% sensitivity and 90.5% accuracy of PMT
detection using °8Ga-DOTA-NOC PET/CT [81]. Thus, ®*Ga-DOTATATE-
PET/CT should probably be considered the first-line functional imaging
method of choice as its high PMT detection rate could reduce the need to
progress through multiple different modalities and would ultimately
lessen the potential radiation burden. However, %®Ga-DOTATATE-PET/
CT is generally limited to large nuclear medicine departments and its
widespread use is currently limited [85]. Hence, more widely available
and cost-effective imaging modalities are often used in the first instance.

When SRS is not available, '8F-FDG PET/CT can be used. FDG is a
competitive glucose analog and its use is based on the increased glucose
metabolic activity of tumor cells. Although ®F-FDG PET/CT is less
sensitive and less specific than OctreoSPECT, the former can be com-
plementary in many cases [86]. As '®F-FDG PET/CT is not specific for
detecting PMTs, its use is therefore limited to identifying areas of
increased metabolism that deserve further evaluation when the sus-
pected tumor cannot be located with SRS techniques [6,36,77,86,87].

Not all countries have access to or are reimbursed for more advanced
imaging technologies, if available, specialized imaging may require
approval from governmental agencies. Therefore, patients are often
required to undergo multiple, sometimes complementary but often ul-
timately unhelpful, imaging techniques to locate an elusive tumor,
which can lead to a high radiation burden and a delay in diagnosis.

A recent head-to-head comparison of ®*Cu-DOTATATE-PET/CT and
%8Ga-DOTATATE-PET/CT in 59 patients with neuroendocrine tumors
(NETs) found equal sensitivity on a per patient-basis, but **Cu-DOTA-
TATE-PET/CT identified significantly more lesions and its longer half-
life made it easier to use in a clinical setting [88].

Once potential PMTs have been located using functional imaging
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Table 3
Functional (nuclear medicine) imaging techniques used in diagnosing TIO.
Functional Radiopharmaceutical PET/SPECT Advantages Disadvantages
imaging
technique
Somatostatin receptor scintigraphy (SRS)
OctreoScan™ n_pentetreotide Planar e PMTs with strong expression of SSTR can e False negatives can occur due to:
imaging be effectively localized with OctreoScan- — poor spatial resolution of planar imaging
+SPECT/CT SPECT/CT — small lesion size
— suboptimal expression of SSTR
— adjacent location of bone fracture
e Long radiopharmaceutical injection-to-scan time
e Full body SPECT/CT imaging is very time consuming
o ""In has a long half-life (2.8 days) and emits high-energy
gamma rays
e Tracer uptake in inflammatory conditions such as arthritis
could lead to false positives
Hynic-TOC scan 99MTe.hydrazinonicotinyl- Planar e Good sensitivity and selectivity in e Poor spatial resolution of planar imaging may not be
Tyr3-octreotide imaging detecting PMTs sensitive enough to detect a tumor
+SPECT/CT e Quicker injection-to-scan time compared e Tracer uptake in inflammatory conditions such as arthritis
with OctreoScan™ and allows for a one- could lead to false positives
day imaging protocol
o 9™Tc has lower energy gamma rays and a
shorter half-life (6 h) than '*'In leading to
a lower radiation burden
DOTA-Scan %8Ga-DOTA-Tyr>- PET/CT o A high binding affinity to SSTR2 leads to e Osteoblasts also express SSTR and the presence of
octreotate (DOTATOC) superior PMT localization compared with pseudofractures in TIO patients may lead to tracer uptake
58Ga-DOTA-1-Nal°- OctreoScan™ and ®F-FDG-PET-CT and false positives
octreotide (DOTANOC) e Short acquisition time and low radiation e Not widely available or reimbursed in all centers
%8Ga-DOTA-Phe!-Tyr>- exposure due to short half-life of ®®Ga (68
Thr® octreotide mins)
(DOTATATE)
Glucose transporter imaging
18F.FDG PET/CT 18E.FDG PET/CT e High sensitivity e Not specific to PMTs and will identify other areas of

Excellent co-registration between PET and
CT images, helps to map PMTs and guide

increased metabolic activity including healing fractures,
which are often evident in patients with TIO

surgery

Benign slow-growing PMTs tend to have a low '®F-FDG
uptake, making it difficult to distinguish them from other
tumors and physiologic uptakes

Common head and neck infections such as sinusitis, dental
abscess, tonsillitis and mastoiditis can lead to '*F-FDG
uptake and false positives

CT, computed tomography; '®F-FDG, '®F-fluorodeoxyglucose; ''In, 1! Indium; ®®Ga, ®®Gallium; PET, positron-emission tomography; PMTs, phosphaturic mesen-
chymal tumors; SPECT, single-photon emission computed tomography; SSTR, somatostatin receptor; 99mTe 99MTechnetium; TIO, tumor-induced osteomalacia.

Source [4,6,7,77,80,82,87].

techniques, anatomical imaging techniques must be applied to delineate
tumor location in more detail and to obtain precise characterization
regarding vascularity, neural structures, and the involvement of sur-
rounding tissue to plan and guide surgical resection. These techniques
include conventional radiography, ultrasound, CT or (angio-) magnetic
resonance imaging (MRI) [7,89].

The combination of functional and anatomical imaging is usually
sufficient to localize PMTs. However, venous sampling may be consid-
ered if confirmation is required or if there are multiple suspicious lesions
that need to be differentiated [6,7,90].

Overall, we believe that given the extent and detail of biochemical
investigation required in making a diagnosis of TIO, the breadth of
knowledge needed to exclude alternative diagnoses and the access to,
and interpretation of, specialist imaging, it is clear that relevant
specialist expertise should be sought from a metabolic bone specialist
early in the diagnostic process (Box 1).

5. Review of current treatment options

Complete tumor resection is the only definitive treatment of TIO that
cures the disease [6,54,86,91]. This is accompanied by a rapid
normalization of fasting serum phosphate, FGF23, and 1,25(0H);D
levels within days in most patients, and a remarkable improvement in
clinical manifestations once phosphate homeostasis is restored
[4,6,92,93]. Accurate pathological diagnosis may be challenging as

PMTs share overlapping histologic features with other types of tumors
[94]. Therefore, FGF23-in-situ hybridization assay should be performed
on resected tumors to confirm FGF23 production.

Radiotherapy or guided ablation may be used as adjuvant therapy in
partially resected tumors or as a primary treatment for tumors that are
difficult to access or if surgery is deemed too risky [95,96]. When a
tumor cannot be found or if complete removal is not possible, then
conventional medical treatment (phosphate supplementation and active
vitamin D analogs) is initially required to counteract the phosphate loss,
with the aim of normalizing serum phosphate levels and mineral
metabolism [4,6,7]. Octreotide has also been proposed as possible
treatment for TIO due to the presence of SSTRs on PMTs [97]. However,
evidence to suggest improvements is not clear and a small study with
five patients showed a lack of efficacy using octreotide to treat TIO short
term [98,99].

5.1. Challenges of surgical treatment

The location of the tumor and the experience of the surgeon are the
two main factors required to ensure a successful resection [105]. Bone
tumors are more difficult to remove than soft tissue tumors as they have
a stronger invasive ability and involve more complex surgery [105,106].
As tumors can be located anywhere in the body, surgeons from different
specialties and with varying experience may be involved in the opera-
tion. Resection of the tumor with appropriately wide margins (RO
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Box 1

Solutions to selected challenges associated with making a TIO diagnosis.

e Educate clinicians on the presenting features and differential diagnosis of TIO
e Promote key aspects of testing phosphate to doctors and laboratories, as recognizing hypophosphatemia is imperative to achieve a TIO
diagnosis:
— Fasting serum phosphate testing should always be performed in a general ‘bone health’/‘bone profile’ screening set and any abnormality
should not be ignored
— Promote the clinical requesting of a ‘bone profile’ panel to physicians when they are assessing patients with ongoing musculoskeletal
pains
— Include serum phosphate assays on all multichannel chemistry panels; mild hypophosphatemia may be missed if the samples are non-
fasting
— Ensure that age-specific reference ranges are used to interpret fasting serum phosphate levels to prevent a misdiagnosis of hypo-
phosphatemia [16,63]
e Implement or promote a healthcare infrastructure that facilitates the opportunity for patients with ongoing musculoskeletal complaints
and low serum phosphate to be referred to a specialist metabolic bone physician early in the diagnostic process
o Ensure that the expertise and resources to undertake the calculation of TRP or TmP/GFR are available in all centers, as this calculation is
crucial for TIO diagnosis
e Educate more widely that FGF23 should be tested in cases of unexplained persistent hypophosphatemia to aid the diagnosis of TIO and its
differential diagnoses
e Adopt the most efficient, evidenced-based stepwise approach to imaging, minimizing overall radiation exposure where possible (Table 3)
e Consider genetic testing in children and when the tumor cannot be located to confirm TIO (and parenteral iron therapy is not considered a

likely cause)

resection) is crucial to avoid leaving or spreading any residual tumor
cells that could lead to persistent serum biochemical abnormalities or
tumor recurrence. One retrospective study of 230 patients with TIO
revealed that after primary surgery, 83% of patients recovered, the
disease persisted in 11% of patients, and the tumor recurred in 7% of
patients with a median time to recurrence of 33 months [105]. Where
cases were refractory due to incomplete removal of the tumor, repeat/
multiple surgery was found to be effective in approximately half of
cases, resulting in an overall cure rate of 88% [105]. Female sex, spinal
tumors, bone tissue-involved tumors, malignancy, and lower pre-
operative serum phosphate levels were found to be risk factors for re-
fractory outcomes [105].

Although rare (occurring in <5% of TIO cases), late recurrence of
metastatic disease can occur and is usually due to incomplete resection
or spreading of the primary tumor. The lung is a common site for
metastasis so should be closely evaluated if biochemical evidence in-
dicates a recurrence without evidence of local disease [45,107].
Currently, there is no established chemotherapy regimen for treating
metastatic TIO [93].

Multifocal PMTs have been described in several patients and may
result from incomplete removal and spreading of cells from the initial
tumor. This condition can be difficult to manage and would require
multiple complete tumor resections to achieve a cure [6,46,108].

If complete resection of the causal tumor is successfully achieved,
bone healing starts immediately but depending on severity of disease it
may take up to a year for significant clinical improvement [4,93]. In
some cases, despite successful tumor resection and restoration of phos-
phate homeostasis, residual clinical deficits may unfortunately be irre-
versible if the diagnosis was delayed following prolonged illness.

Perioperative challenges and complications in patients with TIO are
a direct result of severe hypophosphatemia and include impaired
contractility of the diaphragm and related mechanical ventilation issues,
cardiovascular complications during surgery, and the risk of patholog-
ical fractures while handling the patient. As a result, severely ill patients
may require supplementation with oral phosphate and active vitamin D
analogs prior to surgery. However, patients are often taken into surgery

with suboptimal serum phosphate levels due to poor responses to
medical treatment [109].

Post-surgery complications can include prolonged, severe hypocal-
cemia, with the complication of hungry bone syndrome due to the rapid
re-mineralization of the bone once phosphate and FGF23 return to
normal levels and 1,25(0OH);D increases dramatically. Therefore, all
patients should be closely monitored and supplemented with vitamin D
and calcium following surgery, based on laboratory findings [51].

Patients should also be monitored for recurrence following initial
surgery. Although currently there are no established standard follow-up
procedures, measurement of fasting serum phosphate levels initially
every 6 months and then yearly are recommended [6]. In cases where
the causal tumor has not been located, patients should initiate medical
treatment and be followed-up regularly as clinically appropriate
including medical history, physical examination and imaging in the
hope that the tumor may eventually be located [4,6,7].

Most unresectable tumors are located in the spine because it is
extremely difficult to fully remove them without post-surgical compli-
cations, such as spinal instability and neurological injury
[105,110,111].

5.2. Challenges of radiotherapy and ablation

Unresectable or partially resected tumors can be treated with less
invasive modalities, such as radiotherapy or image-guided ablation.
These modalities can be used as adjuvant treatment in cases of partial
resection or as a primary treatment in cases of tumors that are inac-
cessible or where surgery is deemed too risky [95,96].

A literature review of 160 found to have a tumour in their head or
neck revealed that only two patients radiotherapy as their primary
treatment and two patients had radiotherapy as adjuvant treatment to
surgery. Although some biochemical resolution was demonstrated with
radiotherapy, the response was considered slow [56].

Several case reports describe the use of image-guided ablation of
tumors using different techniques, such as radiofrequency ablation,
cryoablation, and percutaneous ethanol injection. Biochemical and
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Box 2

The key challenges of conventional medical treatment in TIO.

— Secondary and tertiary hyperparathyroidism
— Hypercalcemia

and sometimes therapy dose adjustments

— Fasting morning urine calcium measurements should be taken
Optimizing taking phosphate supplements

suboptimal adherence with treatment [118,119]

Remaining aware of monitoring and actively managing the effects of long-term treatment with phosphate and active vitamin D:

— Hypercalciuria leading to nephrolithiasis (kidney stones) and nephrocalcinosis (calcium deposits in renal parenchyma)

— Abnormal renal function (decreased GFR) as a result of calcium-induced kidney disease

— Gastrointestinal intolerance of phosphate supplementation (diarrhoea)

Recognising that normalisation of serum phosphate is rarely achieved and is limited by complications of therapy.

Achieving the balance between optimizing clinical improvement and minimizing treatment complications requires frequent monitoring

— Serum calcium, phosphate, vitamin D, PTH, ALP, eGFR, and urinary calcium must be checked every 3-6 months

— Short half-life of oral phosphate means that multiple daily doses are sometimes necessary

— Burdensome dosing regimen, combined with the poor taste of phosphate preparations and gastro-intestinal side effects, can lead to
— Optimizing phosphate supplementation can be achieved by dissolving the tablets in a large water bottle and sipped during the day

In patients intolerant or non-adherent on phosphate supplements, active vitamin D doses may need to be adjusted higher, despite not
sufficiently addressing the deficient phosphate intake, thereby increasing the risk of hypercalcemia and hypercalciuria

clinical improvements were demonstrated following treatment. How-
ever, due to insufficient long-term effectiveness data, it is currently not
known whether recurrence rates are equivalent to those of surgical
resection [6,112-116]. Surgery, therefore, remains the treatment of
choice.

5.3. Challenges of conventional medical treatment

Where tumours are unresectable, partially resectable, multifocal,
unlocalised, or where TIO relapses, optimal management is unknown
and has not been defined by consensus. Medical intervention is the
mainstay of treatment for these patients and is required long term and
ultimately up to the time of tumor localization, which can be from
months to years in some cases. Medical treatment aims to restore
phosphate and vitamin D homeostasis to alleviate clinical symptoms,
improve myopathy, improve or prevent further deterioration in
mobility, and should aim to normalize bone mineralization [4,6,7].

Medical therapy for TIO involves phosphate and active vitamin D
analog supplementation with the goal being to increase serum phos-
phate levels towards the lower end of the age-appropriate normal range.
Normalization of incidental serum phosphate levels should not be the
target. The overarching treatment goal is to normalize bone and mineral
metabolism as reflected by the absence of clinical issues (fractures,
weakness, pain) along with compensated ALP activity, improved cal-
cium without hypercalcemia, and maintaining PTH and vitamin D levels
within the normal range. However, conventional medical therapy comes
with many challenges as outlined in Box 2 [4,61,117-119].

In patients with poor tolerability to phosphate or imminent
phosphate-induced hyperparathyroidism, the calcimimetic agent, cina-
calcet, may be considered as adjuvant therapy. Cinacalcet reduces PTH
levels and renal phosphate wasting, thereby reducing the need for
phosphate supplements. However, treatment can lead to hypercalciuria
necessitating the use of a thiazide diuretic and lowering PTH further
reduces already compromised lo-hydroxylase activity. Additional
studies are needed to confirm the efficacy and safety of cinacalcet [120],
which has restricted use in many countries based on the grounds of cost
and indication.

5.4. Other aspects of medical management

Dual energy X-ray absorptiometry (DXA) scans assessing bone den-
sity in patients with TIO can lead to a misdiagnosis of osteoporosis
[121]. DXA scans cannot distinguish between osteoporosis and other
metabolic bone disorders including types of osteomalacia as causes of
the detected ‘low bone mass’ [122].

Patients with TIO are often misdiagnosed with osteoporosis resulting
in erroneous treatment with anti-resorptive agents, such as bisphosph-
onates [55,121]. Crucially, bisphosphonates induce hypophosphatemia
via increased urinary phosphate excretion and may exacerbate symp-
toms in patients with TIO [123]. Therefore, routine testing for fasting
serum phosphate levels should be included in the baseline diagnostic
work-up of patients presenting with DXA values within the osteoporotic
range, to ensure that patients with TIO or other phosphate-wasting
disorders are not missed and erroneously prescribed treatment that
could aggravate symptoms. In selected cases where the osteomalacia
from TIO cannot be clarified based on clinical, laboratory, and imaging
results, bone biopsy may be considered to obtain a histological confir-
mation of osteomalacia and to exclude other bone pathology [6,58].

6. Future outlook

More widespread availability and use of °®Ga-DOTATATE PET/CT
imaging could improve timely diagnostic capabilities and tumor local-
ization. Recent meta-analyses provide evidence-based data that could be
used towards supporting medical insurance coverage of this imaging
method in TIO. Further prospective, multicenter and cost-effective
studies could strengthen this prospect [83,84].

Burosumab is not globally accessible for patients with TIO. Once
registration is approved in other regions treatment with burosumab will
remain a challenge given restricted and varied funding across healthcare
systems, with little experience of using the treatment outside a few
specialized centers. Conclusive recommendations on the use of bur-
osumab are also required as this new therapy has only been tested in
clinical trials, and the long-term safety data will need to be considered.

Additional real-world data, further education and evidence-based
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practises combined with better access to burosumab, should improve the
management of TIO patients.

Recognition that chromosomal translocation - causing an FN1-
FGFR1 or FN1-FGF1 fusion gene - is a molecular driver of PMT growth
might drive therapeutic development [41-43]. It is, therefore, notable
that a pan-FGFR kinase inhibitor (BGJ398) is considered one possible
treatment option for TIO [124]. In a Phase II study of patients with FGFR
altered tumours, BGJ398 (infigratinib) demonstrated anti-tumour ac-
tivity and normalised serum FGF23 and phosphate levels in one patient
with metastatic TIO, and normalised serum FGF23 and phosphate levels
in another patient with no identifiable tumour but presenting with
symptomatic metabolic manifestations [88]. In a more recent case
report of a 66-year-old man with an FN1-FGFR1 fusion gene PMT, the
use of the FGFR1-3 tyrosine kinase inhibitor, infigratinib, resulted in a
favorable biochemical and structural tumor response, confirming the
role of FGFR1 signaling in PMT growth and FGF23 production. How-
ever, treatment was interrupted and ceased due to tyrosine kinase
inhibitor-related side effects [125].

Finally, should long-term follow-up from studies on ablation therapy
demonstrate a potential cure, then it may provide a less invasive option
to surgery, but only in cases where tumors are surgically inaccessible or
where an attempted surgical excision might be too risky [114,115].

Burosumab, a fully human, monoclonal antibody to FGF23, recently
received approval by the US Food and Drug Administration (FDA) for
the treatment of patients with TIO who cannot undergo surgical removal
of tumors [100,101]. Approval was based on two single-arm Phase II
studies (NCT02304367, NCT02722798), in which burosumab was
associated with improvements in serum phosphate, osteomalacia,
mobility, quality of life, and fatigue [102,103]. In a recent case report, a
52-year-old female patient with two unresectable TIO lesions of the
brain, who had failed a course of oral phosphate supplementation, was
treated with burosumab. Pain symptoms had improved after 7 weeks,
allowing her to stand from her wheelchair. By Week 23, she was able to
use a walker. Serum phosphate concentrations also normalized and were
4.3 mg/dL after 5 months [104]. Currently, burosumab is only licensed
for the management of TIO in Japan and the USA. Burosumab, although
not curative, may represent an effective alternative to conventional
medical treatment in patients whose tumors are unresectable, cannot be
localized or where surgery might be too risky or otherwise unfeasible.

7. Conclusion

Optimal TIO management includes early recognition and then
diagnosis of the disease, followed by identification and complete
removal of the PMT. Accordingly, mineral homeostasis is restored and
clinical symptoms resolve.

However, there are challenges in managing patients when the tumor
cannot be either located or resected, or who unfortunately relapse after
surgery. These patients require pharmacological intervention and long-
term medical management to restore their phosphate levels and prevent
chronic disease manifestations (osteomalacia, bone pain and
myopathy).

There is a clear need to improve the time to suspicion, referral, and
diagnosis of TIO, as well as to subsequently engage appropriately
resourced specialized units or teams, to either take over from referring
doctors, or to closely supervise the remainder of the diagnostic pathway
and ongoing management of patients. The authors believe that an
increased awareness of hypophosphatemia and its causes among pri-
mary care doctors and specialists, should lead to greater knowledge of
TIO. It is hoped that this review of the challenges of managing TIO might
help to focus opinion, effort, and resource towards establishing a broad
consensus on how to manage patients who might potentially have or
have been diagnosed as having TIO.

All stakeholders within the healthcare community, coupled with the
introduction of clinical practice guidelines, will help to establish an
acceptable standard of care for this challenging and rare disease. A
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systematic and stepwise approach to the management of TIO, taking into
consideration current and novel modalities, will ultimately mitigate the
challenges caused by the variability in healthcare provision and improve
patient outcomes.
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