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A B S T R A C T

Paraneoplastic syndromes are symptom complexes that cannot be readily explained by local or distant spread of
the tumor. They can occur due to hormone production, autoimmunity or other biologically active products
produced by the tumor, etc. Tumor induced osteomalacia is a rare paraneoplastic syndrome in which the
manifestation is mainly musculoskeletal such as bone pain, fractures and muscle weakness as a consequence of
elaboration of fibroblast growth factor 23 (FGF23) by the tumor.

Most of these tumors are solitary and small and hence localization of these tumors is often challenging. This
review summarizes the various anatomic imaging modalities such as plain radiographs, computed tomography
(CT), and magnetic resonance imaging (MRI) and nuclear medicine imaging techniques in the evaluation of
these tumors.

1. Introduction

Paraneoplastic syndromes are a group of clinical manifestations that
occur in conjunction with a neoplasm but are not directly caused by the
mass effect of the tumor or its metastases, and are not a side effect of the
medical treatment [1]. These syndromes are due to the production of
substances by the neoplasm or are secondary to tumor associated im-
mune reactions [1]. A rare paraneoplastic syndrome is the so-called
tumor induced osteomalacia (TIO) or oncogenic osteomalacia (OO), in
which the signs and symptoms of osteomalacia are due to phosphate
wasting. Patients present with bone pain, fractures, renal phosphate
wasting, hypophosphatemia, decreased serum 1,25-dihydroxyvitamin
D3 levels, and resistance to vitamin D supplementation [2].

TIO is often a diagnostic challenge, as it is reflected by the generally
long time-lag between onset of symptoms and final diagnosis. Most
osteomalacia-inducing tumors are detected during the late fourth to the
early fifth decades of life. They are usually located in the soft tissues
and bones and tend to be solitary, although multifocal tumors have
been reported. Because of their small size, they are typically not de-
tected on physical examination and can be difficult to localize [3].

Most osteomalacia-inducing tumors are benign but malignant

examples have been reported. The most common of these tumors is the
so-called phosphaturic mesenchymal tumor (mixed connective tissue
variant) (PMT-MCT) [2]. PMT-MCT is a rare, distinctive connective
tissue neoplasm that typically is characterized by a distinctive ad-
mixture of spindle cells, osteoclasts-like giant cells, microcysts, promi-
nent blood vessels, cartilage-like matrix, and grungy calcification [2].
In the majority of cases, the osteomalacia is secondary to the tumor cell
production of fibroblast growth factor 23 (FGF23), a protein that is
encoded by the FGF23 gene and is involved in the Vitamin D and
phosphate metabolism [2]. The dysregulated production of this protein
leads to systemic bone demineralization, primarily by inhibition of
renal tubular epithelial phosphate transport. However, FGF 23 eleva-
tion is not specific of TIO and increased levels can also be found in other
hypophosphatemic and osteomalacia-inducing musculoskeletal dis-
orders, such as X-linked hypophosphatemic rickets (XLHR), and auto-
somal dominant and recessive hypophosphatemic rickets (ADHR and
ARHR) [4].

The diagnostic process that accompanies a suspected tumor induced
osteomalacia and guides the identification of the underlying neoplasm
is often arduous. Once the aforementioned genetic disorders are ex-
cluded, the investigation requires a thorough biochemical evaluation of
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the patient. In the presence of low serum levels of phosphorus sec-
ondary to renal phosphate wasting (due to decreased tubular re-
absorption of phosphate), or if elevated levels of alkaline phosphatase
are present with low or inappropriately normal values of 1,25-vitamin
D, and if there is increase of the circulating levels of FGF23, it is likely
that a phosphaturic mesenchymal neoplasm is responsible for the TIO.
In the past few years, advances in medical imaging have enhanced the
effective localization of osteomalacia-inducing tumors. In this review,
we will discuss in detail the currently available functional and anato-
mical imaging modalities, their role in TIO and management, and
propose a strategic approach for tumor localization.

2. Nuclear medicine imaging

2.1. Somatostatin receptor (SSTR)-analog imaging

Somatostatin is a 14-amino-acid cyclic neuropeptide mainly se-
creted by neurons and endocrine cells. Somatostatin receptors (SSTRs)
are G-protein coupled receptors involved in various intracellular sig-
naling pathways such as inhibition of adenylyl cyclase following hor-
mone binding [5] and interaction with calcium and potassium chan-
nels. SSTRs are found on many cells of neuroendocrine origin and
expressed on most neuroendocrine tumors and hence represent the
basis for in vivo tumor imaging using somatostatin receptor analogs.
However, SSTR expression is not specific to neuroendocrine tumors and
SSTRs are also expressed in non-neuroendocrine tumors such as lym-
phomas, breast cancer, thyroid cancer etc. Although the primary in-
dication of imaging with radiolabeled SSTR-analogs is for evaluation of
neuroendocrine tumors, it has also been successfully used for staging of
mesenchymal tumors such as sarcomas, which also express SSTRs [6].
Since most tumors associated with TIO are mesenchymal in origin and
therefore express different SSTR subtypes, predominantly SSTR 2
[7–13], culprit tumors can be detected using single photon emission
computed tomography (SPECT) or positron emission tomography (PET)
based radiolabeled SSTR analogs (Table 1).

2.1.1. SPECT radiopharmaceuticals for SSTR imaging
Octreotide is a synthetic octapeptide analog of somatostatin that has

a special binding affinity to somatostatin receptor SSTR 2 [14]. Indium
111-DTPA-octreotide or Octreoscan is the most commonly used func-
tional imaging modality worldwide for the evaluation of SSTR–positive
tumors and has also been used widely to locate osteomalacia inducing
tumors [15]. Despite its popularity, Octreoscan has several major dis-
advantages including a relatively long radiopharmaceutical injection to
scan time, images typically being acquired at two-time points, usually
at 4 h and 24 h [16] and poor spatial resolution. Although whole-body
SPECT/CT is technically feasible and allows three-dimensional imaging,
the process is time-consuming and therefore acquisition of tomographic
images is usually limited to areas of suspicious tracer uptake on planar
imaging for lesion characterization, rather than a whole-body survey.
Since Indium-111 has a long physical half-life of 2.8 days and emits
high-energy gamma rays, SSTR imaging with Technetium-99m (Tc-
99m)-labeled peptides have been used as an alternative, especially
given greater availability, shorter half-life of 6 h, lower energy gamma
rays and better imaging characteristics than Indium-111. Recently, Tc-
99m-HYNIC-octreotide, a Tc-99m labeled somatostatin analog has been
increasingly used and found to be very effective in the imaging of so-
matostatin receptor expressing tumors such as gastroenteropancreatic
(GEP) neuroendocrine tumor as well as other non-GEP tumors over-
expressing SSTR at various densities such as sarcomas, breast cancer,
ovarian cancer, meningiomas etc. Although studies are limited, Tc-
99m-HYNIC-octreotide scintigraphy has shown to be very useful to
localizing osteomalacia-inducing tumors [17,18]. To our knowledge,
the largest study evaluating TIO with Tc-99m-HYNIC-octreotide scin-
tigraphy has shown the sensitivity of 86.3% and a specificity of 99.1%
for detecting culprit tumors [19]. During Tc-99m-HYNIC- octreotide Ta
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scintigraphy, images are acquired after 4 h of tracer injection [20],
which allows one-day imaging protocol, unlike Octreoscan. The esti-
mated effective dose from a whole-body 99mTc-HYNIC- octreotide scan
is estimated to be 4.6mSv per scan [21] which is comparatively lower
than an exposure of 0.08mSv/MBq [22] or approximately 5.9 mSv per
scan during Octreoscan. Physiological uptake of both In-111-DTPA-
octreotide and Tc-99m-HYNIC- octreotide in the liver may make image
interpretation difficult, although tumor-inducing osteomalacia located
in the liver has only been rarely reported [23]. Pitfalls of both these
SPECT agents include tracer uptake in inflammatory conditions such as
arthritis [24], which might be mistaken for bone or soft tissue tumor.
Nasal mucosal uptake may be seen in patients with a common cold in
Octreoscan [25] and should not be confused for sino-nasal mesench-
ymal tumors, which are not uncommon in the region.

2.1.2. PET radiopharmaceuticals for SSTR imaging
Gallium-68 (Ga-68) is a positron-emitting radionuclide used in PET

imaging. Ga-68 has a short half-life of 68min and can be conveniently
produced in a cyclotron-independent manner using a Ge-68/Ga-68
generator with a half-life of 270.8 days. The radioconjugate typically
contains the radionuclide Ga-68, a chelator (DOTA) that links the
radionuclide and one of the somatostatin analog peptides Tyr-3-oc-
treotate (TATE), 1-Nal3-octreotide (NOC) or Tyr-3-octreotide (TOC).
Each peptide has different affinity profiles for SSTR 1–5. Over the last
few years, Ga-68 labeled somatostatin analog imaging has made a
considerable impact in the management of neuroendocrine tumors.
Similarly, its use in non-neuroendocrine tumors has also proved effec-
tive for imaging different tumors of the brain, meninges, thyroid,
breast, prostate, melanoma etc. [26,27]. The three major Ga-68 labeled
somatostatin analogs DOTATATE, DOTANOC [28] and DOTATOC [29]
have all been successfully used to detect osteomalacia-inducing tumors.
The higher affinity of DOTATATE for SSTR 2, the receptor subtype
predominantly overexpressed, may favor its use in TIO over DOTANOC
and DOTATOC. The results of Ga-68-DOTATATE PET/CT for localizing
these tumors appears promising, with studies reporting high sensitivity
ranging from 90 to 100% and specificity of 90.9% [30,31]. Current
literature suggests the clear superiority of Ga-68-labeled peptides over
Octreoscan [12] and F-18-FDG PET/CT [20,32,33] in detecting culprit
tumors making it the imaging modality of choice whenever available
(Fig. 1). Recently, a few studies have added a potential therapeutic
dimension of Ga-68-DOTATATE in addition to its use for tumor loca-
lization. A recently published study highlighted the use of Ga-
68-DOTATATE PET/CT-guided biopsy and cryoablation of an osteo-
malacia-inducing tumor [34]. Interestingly, Basu et al. recently de-
scribed a case utilizing a theranostic approach using peptide receptor
radionuclide therapy (PRRT) with Lutetium-177 (Lu-177)-DOTATATE,
for a patient with a recurrent inoperable skull-based tumor following
documentation of high somatostatin receptor expression by Ga-
68-DOTATATE imaging resulting in symptomatic improvement [35].
However, PET imaging with Ga-68-DOTA-peptides has its own limita-
tions. The expression of SSTR is not specific for tumors and has well
been documented in inflammatory conditions such as sarcoidosis [36],
inflammatory bowel disease [37], and rheumatoid arthritis [38],
leading to false positive scans. Expression of SSTR by osteoblasts may
lead to a non-tumor uptake in degenerative bone disease, fractures,
fibrous dysplasia and vertebral hemangioma [39–41]. Since osteoma-
lacia can frequently lead to insufficiency fractures, resulting in tracer
uptake, this pitfall should be cautiously interpreted during Ga-68-
DOTA-peptide imaging, and equivocal or doubtful lesions should be
followed by regional MRI for further characterization. The main dif-
ference of Ga-68-DOTATATE is that the radionuclide is generator pro-
duced and does not need fasting prior to the scan, unlike conventional
F-18-FDG which is cyclotron produced and needs fasting requirement
prior to the scan. The radiation exposure of 4.8mSv, 4.3 mSv and
3.1 mSv for Ga-68-DOTATATE, Ga-68-DOTATOC, and Ga-68-DO-
TANOC PET, respectively, is relative less than compared to of 5.9 mSv

and 7.0 mSv for In-111-DTPA-octreotide and F-18 FDG PET imaging,
respectively [42]. The excellent target-to-background ratio that Ga-68
PET provides is significantly higher as compared to F-18 FDG PET,
consequently resulting in high standardized uptake values (SUVs)
which may be an added advantage in the detection of small tumors.
Although Ga-68 labeled somatostatin analogs have been available in
several European countries for quite some time, Ga-68 DOTATATE has
only been recently approved for imaging neuroendocrine tumors in the
United States (NETSPOT) and many other countries. Therefore, avail-
ability of this modality and reimbursement issues might be a limiting
factor for its use in evaluating TIO, especially in the lack of clear-cut
guidelines for this indication. Ga-68 DOTA-peptide imaging for TIO
requires modifications to the conventional PET/CT protocol. Instead of
conventional imaging from the skull bases to mid-thighs, a vertex to
toes protocol should be followed as most tumors occur in the lower
extremities [43]. To decrease the chances of missing a tumor, we ad-
vocate a step-wise approach while reading whole-body images to find
the culprit lesion. Since the pelvis and the lower extremities harbor
approximately 50–60% of the tumors [2,44,45], we advocate a thor-
ough evaluation of these areas first on the PET/CT images, both in CT
soft tissue and bone windows. Following this, we begin a careful ex-
amination of the craniofacial region which accounts for nearly 30% of
the lesions [44]. A thorough check of the sinonasal region and careful
evaluation of the mandible, maxilla, gingiva, oral cavity, pharynx,
larynx, and thyroid should be performed as these are sites have been
reported to harbor tumors [25]. Then, a thorough survey of the thorax,
abdomen and upper extremities is then undertaken. Potential pitfalls
should always be considered while evaluating every region of the body
(Table 2).

2.2. F-18 FDG PET/CT

F18-fluorodeoxyglucose (F-18 FDG) is the most widely used PET
radiopharmaceutical worldwide for various oncological and non-on-
cological indications. Although most mesenchymal tumors, associated
with oncogenic osteomalacia are benign in nature, studies have de-
monstrated a relatively high F-18 FDG uptake within these tumors,
allowing their detection using FDG (Fig. 2). Although F-18 FDG PET/CT
has shown high sensitivities for culprit tumor localization [46], com-
parative studies have shown F-18 FDG PET/CT to be inferior to Oc-
treoscan, Tc-99m HYNIC TOC SPECT/CT and Ga-68 DOTATATE PET/
CT in detecting culprit tumors [15,20]. F-18 FDG is a non-specific tracer
and enters the cells expressing glucose transporters (GLUT-1). In ad-
dition to malignant cells, inflammatory cells also possess these trans-
porters, which are upregulated in response to injury and trauma leading
to detectable F-18 FDG uptake. Similar to Ga-68 DOTA-peptides, in-
sufficiency fractures in patients with osteomalacia could lead to false
positive interpretations on 18F-FDG PET/CT scans [47]. Careful analysis
of the F-18 FDG uptake using non-fused CT bone window might reveal
the fracture line and avoid misdiagnosis. Other conditions leading to
false positive F-18 FDG uptake requiring careful CT bone window
evaluation include active arthropathies, degenerative changes, osteo-
myelitis, post-operative site uptake, tendonitis, and bone infarcts
[47,48]. Culprit tumors are frequently found in the head and neck re-
gion [49], especially in the paranasal sinuses which are the most
common location in this region and account for 5–10% of cases overall
[2,44]. Intra-oral tumors constitute at least 24% of phosphaturic me-
senchymal tumors in the head and neck, a majority of which lie in the
mandible [50] and tumors are also found commonly in the maxilla,
gingival, floor of mouth and tongue [45,50,51]. Since head and neck
infections such as sinusitis, dental abscess, tonsillitis, and mastoiditis
etc. are common and can lead to F-18 FDG uptake [52] and a falsely
positive study [46], any tracer uptake in the region should be cautiously
evaluated. Also an inherent disadvantage with FDG is the non-specific
muscular uptake due to various reasons such as exercise, muscle strain
or hyperinsulinemia which can potentially mask the tumors located
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adjacent to muscles. It may also be prudent to use intravenous contrast
in PET protocols to demonstrate features such as contrast enhancement
in the tumor [46] and outline its extent for planning surgery, with the
goal to attain tumor-free surgical margins to avoid recurrence. A puff-
cheek-view, which is often used in oral cancer patients should be used
to avoid PET reporting difficulties in the oral cavity and mis-
interpretations due to the spilling of tracer activity and also to reduce
dental artifacts [53,54]. Compared to SSTR PET imaging the major
disadvantage of F-18 FDG PET is the fasting requirement of 4–6 h prior
to the scan. Since tumors are likely to be missed during the standard-
field imaging protocol, a vertex-to-toe FDG protocol should be fol-
lowed, similar to a Ga-68 DOTATATE scan [55]. Before injection of F-
18 FDG, a thorough history of trauma, recent infection in the head and
neck, and recent tooth extraction is taken as these can lead to focal F-18
FDG uptake [56], Additionally, patients are strictly advised to avoid
talking or chewing to avoid uptake in the tongue and masticatory
muscles. As with other tumors, dental implants create a problem with
PET/CT imaging of the head and neck by creating streak artifact and
areas of increased activity. Given the high prevalence of TIO in the head
and neck and the small sizes of most tumors, interpretation may be
difficult. Therefore, careful evaluation of the non-attenuation corrected

PET images may be helpful and a regional contrast-enhanced MRI may
be a useful adjunct in difficult cases.

2.3. Other nuclear medicine imaging techniques

2.3.1. Tc-99m Sestamibi and Thallium-201 (Tl-201)
Since its introduction, Tc-99m sestamibi has been shown to be of

value in the evaluation of many tumors including bone and soft tissue
tumors, CNS neoplasm, breast cancers etc. and few reports have suc-
cessfully demonstrated its utility in TIO [57–59]. Although comparison
studies are limited, Ferraz et al. performed Tc-99m sestamibi and Oc-
treoscan in four cases of suspected oncogenic osteomalacia and both
modalities detected tumors in all patients [16]. This could be a very
useful cost-effect method for detection of the tumor, especially in
centers where Octreoscan or PET pharmaceuticals are not available but
sestamibi kits are available for other routine nuclear medicine studies
such as myocardial perfusion imaging and parathyroid imaging. A
disadvantage of this scan is the low lesion-to-background ratio, making
it difficult for image interpretation. Also, sestamibi is non-specific
tumor agent, with uptake seen in benign skeletal lesions, such as frac-
ture, osteomyelitis, diabetic foot etc. and might lead to a false positive

Fig. 1. 44-Year-old female with generalized muscle aches. FGF 23 was elevated (339 RIU/ml). Ga-68 DOTATATE images (A) Maximum intensity projection images
and (B) axial PET images, show abnormal focal tracer uptake in the region of right femoral neck, SUV 8.0. Physiological tracer uptake is seen in the pituitary, liver
and spleen with excretion of tracer through the kidneys. (C) Transaxial CT and (D) fused PET/CT localize the increased tracer uptake to a sclerotic lesion in the right
femoral neck, which was later pathologically consistent with phosphaturic mesenchymal tumor.
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study [60,61]. Like sestamibi, Thallium-201(Tl-201) has also been
employed for tumor imaging of breast cancer, lymphomas, CNS tumor
etc. and has also been used to detect tumors causing oncogenic osteo-
malacia [59]. It is also a non-specific tumor agent and Tl-201 uptake
has been described in benign lesions including fractures [62].

2.3.2. Bloodpool scintigraphy
Technetium-99m bloodpool scintigraphy has also been used to de-

tect possible tumors causing osteomalacia. Few studies have used
whole-body Technetium-99m RBC blood pool scintigraphy to locate the
causative tumors in patients with TIO [63,64]. The rationale of it use
mainly lies in the fact that these tumors elaborate intrinsic micro-
vasculature with an admixture of vessel size and vascular pattern [2],
possibly leading to tracer pooling due to increased vascularity of the
tumor. Since PMTMCT have a wide histological spectrum, it is unlikely
that small tumors without a rich vascular supply will be diagnosed by
this modality. Although the modality appears to be very cost-effective,
image interpretation may be difficult owing to the low tumor-to-back-
ground ratio of the radiotracer, poor spatial resolution of planar scin-
tigraphy, and poor localization of very small tumors.

2.3.3. Bone scintigraphy (bone scan)
Bone scintigraphy is a well-established imaging modality for the

evaluation of a variety of pathologies involving skeletal metabolism
such as osteomalacia, Paget's disease, and osteoporosis. While whole
body bone scan is not specific to detect osteomalacia-inducing tumors,
due to its high sensitivity it can be used as a skeletal survey for de-
tecting osteomalacia-induced skeletal complications and serve as a
basis for follow-up after therapeutic intervention.

The non-specific bone scan findings of metabolic bone disease such
as increased tracer uptake by the mandible, vertebral column and the
sternum creating the “tie sign”, are also found in tumor-induced os-
teomalacia [65]. Multiple areas of focally increased tracer uptake re-
presenting pseudofractures may be seen [66], which might mislead the
effort to localize the occult primary tumor. Bone scan is sensitive in
detecting more number of lesions, such as additional fracture sites than
found with conventional radiography. Increased tracer uptake may be
seen in areas such as the sacro-iliac joints, representing insufficiency
fractures [67]. Although pseudofracture detection may be the most
useful application of bone scintigraphy in TIO patients, scans showing a
prominent appearance of the costochondral junction creating the ‘ra-
chitic rosary sign’ and increased tracer uptake in the growth plates of
are considered to be more specific of TIO [65,68,69] and should raise
its suspicion if detected.

3. Anatomical imaging

3.1. Plain radiography and dual-energy X-ray absorptiometry (DXA)

Radiography and Dual-energy X-ray absorptiometry (DEXA) help to
diagnose osteomalacia in patients with TIO which results from the
disturbance of mineralization kinetics and increased bone resorption by
osteoclasts. Since most osteomalacia-inducing tumors are eccentric and
located in the epiphysis [70], any such lesion in the long bones on
radiography should raise a suspicion of a possible tumor. Although
radiographs may be helpful in tumor localization (Fig. 3) are usually
noncontributory in tumor localization, they are extremely helpful in
diagnosing complications such as fractures.

Besides locating the tumor, DEXA is helpful in patient follow up to
evaluate recovery of bone mineral density. While surgical tumor re-
section may lead to dramatic improvement and complete resolution of
symptoms, there is a time-lag in the improvement of bone mineral
density, making the bones still prone to fractures [71]. Interestingly few
studies have shown that the gain in bone density may be slower for
radius as compared to femur and spine in TIO patients [72,73]. Fol-
lowing interventions, like other pathologies impacting bone miner-
alization, radiography may be useful to demonstrate bone healing and
follow-up DEXA may be useful to demonstrate improvement in bone
density [73,74].

3.2. Magnetic resonance imaging

Magnetic resonance imaging (MRI) has inherently superior soft
tissue contrast to better characterize the soft tissue and bones, and
therefore MRI skeletal survey has been frequently used to detect os-
teomalacia-inducing tumors [75,76]. Although different sequences
have been defined, Short-tau inversion recovery (STIR) images show
areas of high signal intensity to localize tumors [75] and should be used
preferentially for suspected PMT [77]. T2-weighted fat-suppressed MR
images (Fig. 4) is an alternative sequence for demonstrating tumors
[78]. Like any whole-body imaging technique whole-body MRI has the
advantage of detecting multifocal tumors throughout the body, al-
though multifocal lesions are very rare in TIO [79]. Compared to other
whole-body modalities, whole-body MRI is time-consuming and re-
gional MRI can instead be considered to further characterize lesions
detected on functional imaging (Table 1). Currently, the role of MRI is
more on anatomically defining the tumor prior to surgery after

Table 2
Pearls and pitfalls in TIO imaging.

Pelvis and lower extremities
Pearls:

Comprise of 50–60% tumors, the majority are in the lower extremities.
Most lesions are eccentric and are located in the epiphysis of long bones.
Imaging protocol should include entire lower extremities, including the toes to
avoid missing of tumors.
Osteomalacia may lead to subcapital fractures and femoral neck fractures, MRI
can be helpful in suspicious cases.
Careful evaluation is necessary for areas of prior curettage in long bones as
recurrence is not infrequent.
Pitfalls:
Insufficiency fractures are common in the pelvis, especially in the sacrum, might
lead to false positives during functional imaging.

Head and neck
Pearls:

Comprise of 20–30% tumors.
The majority are located in the paranasal sinuses followed by the mandible.
Anterior cranial fossa needs careful assessment.
Puff cheek view may make PET/CT interpretations in the oral region easy.
Dental metallic implants may create artifacts causing PET/CT interpretation
difficult, non-attenuation corrected images may help to interpret PET results
better.
Pitfalls:
MRI features of osteomalacia-inducing tumors may be similar to meningiomas.
Furthermore, meningiomas also express SSTR, hence are positive on somatostatin
receptor imaging.
Potential site for F-18 FDG or Ga-68 labeled peptide PET/CT interpretation
pitfalls, such as dental and paranasal sinus infections.

Thorax and abdomen
Pearls:

Comprise of 5–17% tumors.
CT of lungs is valuable as lung metastasis is not infrequent, especially in
recurrent tumors.
Pitfalls:
Fracture of the ribs is extremely common in osteomalacia owing to poor mineral
density. Fractures lead to a focal uptake in the bone scan, any uptake in the ribs
should not misguide the search for a primary osteomalacia-inducing tumor.

Upper extremities
Pearls:

Comprise of 5–15% tumors.
Entire upper extremities should be included in the field of view, to avoid missing
of tumors.
Pitfalls:
Cautious interpretation of false positive during functional imaging such as
fractures, inflammatory disease of the joints.
Bone mineral density (BMD) recovery may be prolonged as compared to other
sites even after tumor resection.
Muscular uptake may mask tumor uptake in F-18 FDG PET/CT.
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Fig. 2. 40-Year-old female with bone pains and proximal myopathy. (A) Transaxial CT (B) fused FDG PET/CT (C) transaxial CT and (D) fused Ga-68 DOTATATE PET/
CT localizing radiotracer uptake within a soft tissue lesion in the right posterior thigh. The lesion demonstrates standardized uptake values of SUV 8.3 and SUV 18.2
on FDG and Ga-68 DOTATATE, respectively. Pathology was consistent with phosphaturic mesenchymal tumor.

Fig. 3. 66-Year-old male with osteomalacia. (A)
Anteroposterior and (B) oblique radiographs of the
right foot, reveals a calcified lesion in the second
web measuring approximately 2.9×2.1 cm. The
second and third digits are splayed without erosion
or bone destruction. The preoperative T-score at the
right femoral trochanter was −3.1 and the bone
marrow density (BMD) was 0.67 g/cm2. Surgical re-
section revealed phosphaturic mesenchymal tumor.
One year post resection of the tumor, T score of right
femoral trochanter improved with T score of −0.5
and BMD 0.86 g/cm2.
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functional imaging has identified a possible culprit tumor. MRI is ex-
tremely useful to define the extent of the tumor for preoperative
planning, in order to attain wide negative margins and thus prevent
local recurrence. This is especially important in sinonasal tumors, as
contrast MRI can delineate tumors accurately and identify extension to
critical structures such as the cavernous sinus and orbit.

Interestingly, a few cases of intra-cranial osteomalacia inducing-
tumors have also been reported, particularly in the anterior cranial
fossa where contrast-enhanced MRI has proven to be extremely useful
[80,81]. Osteomalacia-inducing tumors in the anterior cranial fossa
may be mistaken for meningiomas in MRI, since they tend to be extra-
axial, well circumscribed and demonstrate contrast enhancement. The
presence of fat density may suggest the possibility of a phosphaturic
mesenchymal tumors rather than a meningioma [80]. MRI may also be

beneficial in tumor follow-up after surgery, since nuclear medicine
imaging techniques can show false uptake of tracer [82] during in-
flammation and tissue healing. Sahoo et al. reported a very interesting
case where FGF 23 levels were persistently elevated despite resection of
an FDG avid PMTMCT from the tibia. An MRI of a non-FDG avid sub-
cutaneous lesion was suspicious and following its resection, FGF 23
subsequently normalized. In their report, the non-FDG avid lesion was
also PMTMCT but showing an osteoid-like matrix [83]. PMTMCTs
containing osteoid-like matrix is a well- known entity [2], and whether
this subtype is always non-FDG avid, should be further studied. MRI can
also detect complications of TIO, such as bilateral insufficiency sub-
chondral fractures of the femoral head [84], which may sometimes be
difficult to appreciate by other imaging modalities.

Fig. 4. 67-Year-old female with osteomalacia. (A) Axial T2 fat-suppressed, (B) coronal T1, (C) coronal T1 fat-suppressed post contrast images demonstrate a well-
circumscribed rounded, deep soft tissue mass adjacent to the right ischial tuberosity measuring 2.7 cm. The mass demonstrates peripheral T1 and T2 hypointensity,
most likely representing ossification, with internal T2 hyperintensity. Excision of the lesion was consistent with phosphaturic mesenchymal tumor.

Fig. 5. Proposed imaging flow chart for localization of tumor using different modalities.
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3.3. Computed tomography

Computed tomography (CT) has a limited role in localizing the
culprit tumor. Similar to MRI, any area found suspicious during func-
tional imaging may be further evaluated with CT, especially in in-
stitutions where hybrid functional and anatomical imaging with
SPECT/CT or PET/CT is not available (Fig. 5). Since the paranasal si-
nuses are common sites for harboring these tumors, regional head and
neck CT may sometimes be helpful to detect tumors in these areas
(Fig. 6). Chest CT may also be helpful, as the lungs are a common site
for metastasis [2,68,85–87]. This is particularly important in recurrent
tumors, which are associated with increased risk of lung metastasis
[2,45,88,89]. Besides helping in locating the culprit tumor, both CT and
MRI-guided minimally invasive procedures such as cryoablation,
ethanol and radiofrequency ablation have been successfully utilized in
patients who decline surgical removal of the tumor, or in patients who
are poor surgical candidates due to the complexity of surgery [90–93].

4. Future prospective

Combined positron emission tomography with magnetic resonance
imaging (PET/MRI) is an evolving hybrid imaging modality with po-
tential in imaging of TIO, given the superior contrast resolution of MRI
over CT in bones and soft tissue, including the subcutaneous region.
Recent studies have shown its superiority over 18F-FDG PET/CT in
detecting occult primary tumors as well as better characterizing the
lesions showing tracer uptake [94]. Characterization of lesions showing
abnormal radiotracer uptake is of paramount importance before la-
beling them as culprit tumors causing TIO, which is especially difficult
for soft tissue lesions by PET/CT imaging owing to its poor soft tissue
resolution. The synergism of MRI and PET providing vastly superior
quality images than PET/CT for lesion characterization coupled with
the fact that MRI has no radiological exposure may make PET/MRI a
potential one-stop imaging modality to locate osteomalacia-inducing
tumors. PET/MRI has also been found useful in somatostatin receptor
expressing tumors imaging using 68Ga-labeled peptides [95], and so-
matostatin receptor PET/MRI may prove to be effective for detection of
osteomalacia-inducing tumors in the future.
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