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Abstract
Tumor-induced osteomalacia (TIO) is a rare disorder of phosphate wasting due to fibroblast
growth factor-23 (FGF23)-secreting tumors that are often difficult to locate. We present a
systematic approach to tumor localization and post-operative biochemical changes in 31 subjects
with TIO. All had failed either initial, or re-localization (in case of recurrence or metastases at
outside institutions). Functional imaging with 111Indium-octreotide with single photon emission
computed tomography (octreo-SPECT or SPECT/CT), and 18fluorodeoxyglucose positron
emission tomography/CT (FDG-PET/CT) were performed, followed by anatomic imaging
(CT,MRI). Selective venous sampling (VS) was performed when multiple suspicious lesions were
identified or high surgical risk was a concern. Tumors were localized in 20/31 subjects (64.5%).
Nineteen of 20 subjects underwent octreo-SPECT imaging, and 16/20 FDG-PET/CT imaging.
Eighteen of 19 (95%) were positive on octreo-SPECT, and 14/16 (88%) on FDG-PET/CT. Twelve
of 20 subjects underwent VS; 10/12 (83%) were positive. Sensitivity, specificity, positive
predictive value (PPV), and negative predictive value (NPV) were: sensitivity=0.95,
specificity=0.64, PPV=0.82 and NPV=0.88 for octreo-SPECT; sensitivity=0.88, specificity=0.36,
PPV=0.62 and NPV=0.50 for FDG-PET/CT. Fifteen subjects had their tumor resected at our
institution, and were disease-free at last follow-up. Serum phosphorus returned to normal in all
subjects within 1-5 days. In 10 subjects who were followed for at least 7 days postoperatively,
intact FGF23 (iFGF23) decreased to near undetectable within hours and returned to the normal
range within 5 days. C-terminal FGF23 (cFGF23) decreased immediately but remained elevated,
yielding a markedly elevated cFGF23/iFGF23 ratio. Serum 1,25-dihydroxyvitamin D3 (1,25D)
rose and exceeded the normal range. In this systematic approach to TIO tumor localization Octreo-
SPECT was more sensitive and specific, but in many cases FDG-PET/CT was complementary. VS
can discriminate between multiple suspicious lesions and increase certainty prior to surgery.
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Sustained elevations in cFGF23 and 1,25D were observed, suggesting novel regulation of FGF23
processing and 1,25D generation.
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Introduction
Tumor-induced osteomalacia (TIO) is a rare paraneoplastic disorder in which over-
production of fibroblast growth factor-23 (FGF23) by small mesenchymal tumors leads to
renal phosphate wasting, low 1,25-dihydroxyvitamin D3 (1,25-D), hypophosphatemia and
osteomalacia (1-3). Subjects often present with generalized and non-specific symptoms of
bone pain, muscle aches and weakness. As phosphorus may not be routinely measured and/
or further evaluation of hypophosphatemia may not be pursued, patients often go
undiagnosed for many years.

The diagnosis of TIO is suspected when patients with hypophosphatemia are shown to have
low tubular reabsorption of phosphate (TRP), low or inappropriately normal 1,25-D and
elevated FGF23. TIO is confirmed when these resolve after tumor resection. Other FGF23-
mediated diseases that cause hypophosphatemia, such as X-linked hypophosphatemic
rickets, and autosomal dominant and recessive hypophosphatemic rickets, need to be
excluded, especially in younger patients and in patients with a family history of
hypophosphatemia. Since complete surgical excision of culprit tumors leads to cure of the
disease, diagnosing TIO and successfully locating a causative tumor is of utmost
importance.

Tumors responsible for TIO are typically small mesenchymal tumors that can be located in
nearly every part of the body (1,2,4). Difficulty in localizing these tumors further delays
definitive therapy for many patients. Multiple types of localizing studies have been used
with mixed results (5-13). We report here a large series and discuss a systematic approach to
localizing these rare tumors. In addition, to further investigate the role of FGF23 on mineral
metabolism we measured the serum levels of serum phosphorus, intact FGF23 (iFGF23), C-
terminal FGF23) cFGF23, and 1,25-D following surgical cure.

Methods
Thirty-one subjects (20 male, 11 female) with TIO were seen between October 1998 and
June 2012 (Table 1). All subjects were initially seen at other institutions where they had
undergone failed attempts at tumor localization (often multiple), either at the initial
presentation, after recurrence, or after what was found to be metastases. Subject ages ranged
from 14 to 67 years of age at time of presentation to NIH (mean 48.5, median 47). All
subjects had the typical biochemical features of hypophosphatemia and elevated levels of
iFGF23. The TIO-related skeletal complications are listed in Table 1. Three subjects
underwent iliac crest biopsies that were embedded in plastic and assessed for the presence of
osteomalacia. All subjects had clear evidence of osteomalacia (not shown). Other causes of
FGF23-mediated hypophosphatemia were excluded when necessary by detailed family
history and/or genetic testing, as indicated. In this series, the two subjects under 18 years of
age had genetic testing for X-linked, autosomal dominant and autosomal recessive
hypophosphatemic rickets. In addition, all of the adult subjects in whom a tumor was not
identified had genetic testing performed for X-linked and autosomal recessive
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hypophosphatemic rickets. No mutations were identified. Subject records were reviewed for
biochemical data, results of imaging studies and outcomes of treatment.

Plasma iFGF23 was measured using a commercially available ELISA assay that detects only
iFGF23 (Kainos, Tokyo, Japan). Plasma cFGF23 was measured using a commercially
available ELISA assay that detects both iFGF23 and cFGF23 (Immutopics, San Clemente,
CA). Under most physiologic circumstances iFGF23 and cFGF23 levels are in a 1:1 ratio as
determined by these assays, and differences between iFGF23 and cFGF23 levels are thought
to reflect cFGF23 fragments derived from iFGF23 degradation/metabolism (14). Other
mineral metabolism analytes were determined by commercially available assays.

A multi-modality approach was used to localize tumors. Functional imaging studies
included whole body (including head and extremities) 111In-octreotide with single photon
emission computed tomography (octreo-SPECT, octreo-SPECT/CT was available from
May, 2008 on), whole body (including head and extremities) 18fluorodeoxyglucose positron
emission tomography/computed tomography (FDG-PET/CT), 99Tc-bone scintigraphy (bone
scans), and 99Tc-sestamibi scans (MIBI). Anatomic imaging of suspicious areas identified
on functional studies was performed with CT and MRI. Venous sampling (VS) was
performed for one of three indications: 1) identification of multiple suspicious lesions
requiring confirmation of the true positive lesion 2) need for increased certainty that a lesion
was the culprit tumor and 3) a subject was a positive control in an earlier study examining
the utility of venous sampling (13). Increased certainty was needed when surgical resection
was associated with a potential high risk of morbidity, or when other localizing studies were
not completely convincing. Subjects in whom a putative causative tumor was identified
underwent surgical resection.

Ten subjects were monitored for biochemical response to successful tumor resection for at
least 7 days.

Results
Tumor localization

Using a systematic and multi-modal approach to localization, the causative tumor was
located in 20 of 31 subjects (64.5%). Locations are indicated in Figure 1.

Functional imaging studies
A combination of nuclear imaging studies was used in an attempt to localize culprit tumors.
Early in our experience, subjects were imaged with octreo-SPECT, FDG-PET/CT, MIBI and
bone scans. As more experience was gained, MIBI and bone scans were abandoned as
neither of these imaging modalities offered additional utility compared to the combination of
octreo-SPECT and FDG-PET/CT.

Octreo-SPECT imaging was performed in 30 of 31 subjects. Nineteen of 20 subjects in
whom a tumor was successfully identified underwent octreo-SPECT imaging. The one
subject who did not have octreo-SPECT imaging had resection of a causative subcutaneous
tumor prior to the study. Seventeen of 19 (90%) of these studies identified lesions that were
ultimately found to be the causative tumor. The 11 subjects in whom no causative tumor was
found had octreo-SPECT imaging. Four (36%) of these studies showed suspicious areas
which were further evaluated but ultimately found not to be the tumor (false positive).
Tumor was excluded by a combination of negative anatomical imaging (CT and/or MRI),
and/or negative venous sampling as evidenced by a tumor bed/general circulation FGF23
ratio < 1.7 (13).
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FDG-PET/CT was performed in 27 of 31 (87%) subjects. Sixteen of 20 subjects in whom a
tumor was successfully identified had FDG-PET/CT. Fourteen of these studies identified
suspicious lesions which included the causative tumor (88%). Of the 2 subjects with
negative FDG-PET/CT studies, 1 subject was subsequently found to have an intracranial
lesion which made identifying the lesion by FDG-PET/CT impossible due to high glucose
uptake by the brain. All 11 subjects in whom no causative tumor was found had FDG-PET/
CT. Five (45%) of these studies showed suspicious areas which were further evaluated but
ultimately found not to be the tumor (false positive).

Sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV)
calculations yielded sensitivity = 0.95, specificity = 0.64, PPV = 0.82 and NPV = 0.88 for
octreo-SPECT; and sensitivity = 0.88, specificity = 0.36, PPV = 0.62 and NPV = 0.50 for
FDG-PET/CT (Table 2). While octreo-SPECT was the superior single study, in 7/20 (35%)
subjects, FDG-PET/CT imaging was useful or necessary in the initial identification of the
tumor and/or confirming a lesion on octreo-SPECT imaging This reflects complementarity
between the two studies and the utility of performing both studies in many cases.

Anatomic Imaging
Following identification of suspicious lesions on nuclear imaging studies, CT and MRI of
the region of interest were performed to confirm that the presumptive lesion had features
consistent with a tumor. In cases where no suspicious lesions were identified by functional
imaging, anatomic imaging was performed to evaluate areas poorly seen on functional
imaging (brain, liver, and spleen). In addition areas thought to be more likely to harbor
tumors based on previous reports also underwent anatomical imaging (sinuses and
extremities). Anatomic imaging without positive functional imaging was performed in 4
subjects (subjects 8, 17, 20, 25). In none of these subjects was a tumor identified. Of the 11
subjects in whom a tumor was never found, functional imaging identified suspicious area in
6 (subjects 4, 7, 9, 18, 24, 27). Further evaluation of these areas failed to identify a causative
tumor; these were considered false positive functional imaging studies. One subject did not
complete the evaluations (subject 12). One subject (subject 20) was found to have a
suspicious lesion on anatomic imaging with negative functional imaging. Resection of this
lesion however did not result in cure. In the eleven subjects in whom a tumor was not
identified, a causative tumor was excluded by a combination of anatomic imaging, venous
sampling, or surgery.

Selective venous sampling
Of the 20 subjects in whom the culprit tumor was found, 13 underwent VS. Eleven of
thirteen (85%) of these successfully localized the tumor by demonstrating a gradient of > 1.7
in the level of FGF23 near the tumor compared to peripheral venous samples. The gradient
of 1.7 had been previously established in a study evaluating VS in TIO (13). In 1 of 2
unsuccessful venous sampling studies (subject 1), the study was performed to evaluate for
persistent/recurrent disease (subject 1). In subject 14, a lesion in the vertebral body was
identified on both anatomical and functional imaging and the subject underwent venous
sampling for confirmation. However, probably due to the vagaries of the venous anatomy
around the spine, VS was negative. A fine needle aspiration biopsy of the suspicious lesion
confirmed the tumor on the basis of cytology and FGF23 measurement of washings (aspirate
1140 pg/mL, peripheral circulation 157 pg/mL). Of the 11 subjects in whom no causative
tumor was found, VS was performed in 6. Two of these cases (subjects 18 and 20)
demonstrated an increase in FGF23 levels at a single site suggestive of tumor, but resection
of the suspicious area did not lead to resolution of disease and no phosphaturic tumor was
identified in the resected material. No VS studies suggested more than a single anatomical
site. Values showed either elevations anatomically adjacent to each other, or, in the case of
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negative studies, values with a normal distribution, probably reflecting assay and
physiologic variation and inconsistent with the identification of site of tumor.

Tumor Locations
Causative tumors were identified throughout the body. Four tumors occurred in the head and
neck, 14 occurred in the extremities and 2 were located in the torso. Ten tumors were
located in soft tissue and 9 were in bone. Both subjects who developed metastases had
metastatic disease to the lung. A summary of tumor locations and results of localizing
studies is provided in Table 3 and Fig. 1.

Outcomes
Of the 20 subjects in whom a tumor was found, 19 subjects had surgical resection of the
tumor. One subject (subject 22) refused surgery and was treated with radiation therapy.
Subjects 2, 6 and 10 had the initial resection prior to referral to our institution. Three
subjects (1, 2 and 6) developed persistent/recurrent disease. Subject 1 is believed to have
persistent/recurrent disease at the site of the original tumor, as the tumor margins of the
resected tissue were positive for tumor and no distant metastases have been detected.
However, VS from the region was negative and biopsies of the previous surgical site did not
reveal tumor. She remains with mild, but persistent disease on medical therapy 12 years
after the initial resection. Subject 2 presented in childhood with rickets and had the initial
resection as well as multiple resections for recurrent disease prior to referral to our
institution. She was referred to our institution for further evaluation of recurrent disease. The
diagnosis was confirmed and pulmonary metastases were identified as the cause. She
underwent multiple metatasetectomies. Improvement in disease with resection and FGF23
staining of the tumors confirmed pulmonary metastases as the cause of her disease. She
underwent resection of metastases and participated in a trial of inhaled chemotherapeutic
agents in an attempt to control the disease but ultimately died from disease-related
complications. Subject 6 has had resection of recurrent disease at the site of the original
tumor, but eventually was found to have pulmonary metastases. He is currently on medical
therapy that includes cinacalcet (15,16). The remaining subjects have shown no evidence of
recurrent disease at last follow-up (1-12 years).

Four subjects underwent surgical resection of a suspicious lesion thought to be the causative
tumor without resolution of disease (subjects 4, 7, 18 and 20). The histopathological
findings were not consistent with a phosphaturic tumor and the blood phosphorus and
FGF23 levels did not change postoperatively. These subjects along with other subjects in
whom a causative tumor was not identified have been managed medically with phosphorus
supplementation, active vitamin D analogs, and as indicated, cinacalcet.

A group of 14 subjects whose tumor was resected had alkaline phosphatase levels measured
for an extended period postoperatively. In all subjects alkaline phosphatase levels were
elevated at presentation (mean ± 1 SD 315 ± 176 U/L, median 240, range 113-692, normal
range 37-116). The degree of elevation paralleled disease severity, but was impacted by
whether or not a subject was treated with phosphate supplementation prior to presentation.
In no subjects was there a significant change within the first two weeks post-surgery, but in
all subjects but one the level returned to normal by 12 months (data not shown).

Ten subjects had blood levels of mineral metabolites monitored for at least 7 days
postoperatively (Fig. 2). At the time of surgery and in the postoperative period, no subjects
were taking phosphorus or calcitriol supplements, and all subjects had a 25 hydroxy vitamin
D level of at least 25 ng/ml. The average serum phosphorus was normal by day 2, and in all
subjects it was normal by day 5 (Fig. 2A). Plasma iFGF23 levels dropped precipitously,
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usually within hours, and did not return to normal in all subjects monitored until
postoperative day 10 (Fig. 2B). Interestingly, while cFGF23 also dropped rapidly, in the
majority of cases the blood level did not fall into the normal range, achieved a new and
elevated steady state, and remained elevated throughout the period monitored (Fig. 2C). As
a consequence, the cFGF23/iFGF23, which was approximately 1 at baseline, increased and
was elevated throughout the period of monitoring (Fig. 2D). Serum 1,25-D levels were low
at the time of surgery and began to rise in the postoperative period (Fig. 2E). Levels were
markedly elevated above the normal range from postoperative day 3 onward, and began to
decline by day 10. Average PTH levels were elevated for the first several days following
surgery and then normalized (Fig. 2F). The elevation in average PTH levels was driven by
one subject. All other subjects had normal PTH values. Mean blood calcium levels were
normal throughout the observation period (Fig. 2G).

The tumor has not been found in any of the subjects listed in the “Not Localized” section of
Table 3. The range of follow-up for this group was from 2-9 years. Subjects had between
3-5 rounds of attempts at localization, with usually at least one year between rounds of
localizing studies. One subject was lost to follow-up and one subject died from
complications due to liver failure, presumably unrelated to TIO.

Discussion
TIO can be a devastating disease leading to pain, fractures, functional impairment, and
weakness. Difficulty localizing these tumors often limits the ability to provide definitive
surgical therapy. Causative tumors are typically very small and can occur in locations
sometimes not included in the standard field of FDG-PET/CT and/or octreo-SPECT studies.
When located, complete surgical resection results in a dramatic resolution of symptoms and
cure of disease.

We have found that a systematic approach to tumor localization allows for improved success
in tumor localization. Octreo-SPECT provided the best combination of sensitivity and
specificity and is therefore the best initial study. The addition of FDG-PET/CT can be
considered if no lesion or multiple lesions are identified on octreo-SPECT. In cases when no
lesions are identified on octreo-SPECT, FDG-PET/CT can suggest a lesion that was initially
missed on the octreo-SPECT. An example of this complementarity is demonstrated in Figure
3. Anatomic imaging is used to confirm the presence of a tumor after suspicious lesions
have been identified on functional imaging. When multiple suspicious lesions are identified
on functional and anatomical imaging, VS can be used to discriminate between false and
true positive lesions. The case presented in Figure 4 is a representative example. VS can also
be used to increase diagnostic certainty when the resection of the presumed tumor may be
associated with significant morbidity and the surgeon, physician, or patient would like
greater assurance that the lesion being excised is the culprit and that resection will result in
cure. The FGF23 assay used in the VS studies shown here involved the use of intact FGF23
assay (Kainos, Tokyo, Japan), which may have greater sensitivity and specificity than the
assay that is available in commercial laboratories (Immutopics, San Clemente, CA), but in
most cases the Immutopics assay would presumably provide adequate diagnostic ability. In
the setting of multiple lesions seen on either octreo-SPECT or FDG-PET/CT, careful side-
by-side comparison of both studies allows for identification of lesions that co-register and
are thus more likely to be the causative tumor. The approach outlined above is detailed in
Figure 5.

Jiang et al. recently described their experience in a large series of subjects with TIO (17).
The tumor was found in only 40/94 (42%) of the subjects. This is significantly less than the
20/31 (65%) in this series. This most likely reflects the reliance upon a single imaging
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modality, octreo-SPECT, which was used in this series of patients, and further supports the
approach outlined here (Fig. 5).

Another point to emphasize in the evaluation of these subjects is the need for whole body
imaging. Tumors can occur in locations not typically visualized on the standard field of
octreo-SPECT or FDG-PET/CT. In fact, in two subjects in this series (subjects # 6 and 30)
the tumor was not identified at the outside institution because the site of the tumor was not
included in the field of either the octreo-SPECT or the FDG-PET/CT (18).

Four of the 11 subjects in whom the tumor was not found underwent surgery based upon
what were false positive findings on localizing studies. In all cases, either FDG-PET/CT or
octreo-SPECT gave false positive findings, but in no cases did the false positive FDG-PET/
CT and octreo-SPECT lesions co-register. It was in part these four failures that contributed
to the recommendation that co-registration be a requirement for proceeding to surgery. The
one false negative VS study was attributed to the fact the tumor was in an anatomical
location with complicated venous drainage, the para-vertebral area. In this case, diagnostic
certainty was achieved by a needle biopsy of the lesion with FGF23 measurement of the
aspirate washings and by cytology. Experience with this technique, however, is limited and
risk of tumor seeding is as yet unknown and may be a concern.

Anatomic imaging of suspicious regions with CT and/or MRI was performed but no
common or specific features were noted. Just as these are a heterogeneous group of tumors
in location, tissue type, and pathologic description, the CT/MRI characteristics are also
heterogeneous. The lack of specific or typical suspicious features along with the frequency
of incidental findings of unknown significance suggests that blind anatomic imaging is of
limited benefit. In all cases in which the tumor was visualized on anatomical imaging, it had
been guided by functional imaging.

An interesting postoperative finding was the sustained elevation in cFGF23 levels (resulting
in an increased cFGF23/iFGF23). The elevated cFGF23 levels and increased cFGF23/
iFGF23 ratio observed postoperatively may reflect an alteration in FGF23 processing; a
phenomenon that has recently been identified as a regulated process and that may be of
clinical significance (14). While speculative, one possible explanation for this observation is
that removal of the tumor and rapid clearance of iFGF23 from the circulation unmasks the
production of cFGF23 produced by osteocytic cleavage of iFGF23. An alternative
explanation is that cFGF23 undergoes clearance from the circulation much more slowly than
iFGF23 and that this is reflected in the sustained cFGF23 levels observed. This is unlikely
given that the data would represent a terminal half-life of cFGF23 greater than 10 days, and
that even in renal failure there is no cFGF23 observed in the circulation (19).

An additional interesting postoperative finding was the marked and sustained rise in 1,25-D.
The findings are not likely explained by perturbation in the levels of the established
regulators of renal 1-α hydroxylase, which converts 25-hydroxyvitamin D to 1,25-D, and it
is probably different from the prolonged elevation that has been reported in alkaline
phosphatase after tumor removal (20). In all but one subject PTH was normal, serum FGF23
had returned to normal, and serum phosphorus and calcium had also returned to normal.
Therefore, neither serum PTH, FGF23, phosphorus, or calcium explains the sustained
elevation in serum 1,25D. Here too tumor removal appears to have unmasked recovery from
1-hydrxylase FGF23-mediated suppression via an as yet unidentified mechanism.

Conclusions
A systematic approach to tumor localization for the patient with TIO is essential. After
excluding other potential diagnoses, patients should first be assessed with a thorough
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physical examination, including the oropharynx. Whole body functional imaging with
octreo-SPECT should be performed first, followed by FDG-PET/CT if a clear single
candidate lesion is not identified on octreo-SPECT. As the findings can be very subtle, and
there may be multiple regions of interest, it is advisable to review the studies in-person with
the nuclear medicine physician. Anatomic imaging should follow to confirm a possible
tumor. In situations where multiple highly suspicious lesions are found, or if the lesion is
located in an area where high surgical morbidity is anticipated, VS should be performed to
increase confidence of tumor location prior to surgery. Once a causative tumor is found,
surgical resection with wide margins to insure complete resection should be the treatment of
choice. The elevations in cFGF23 and 1,25D observed after tumor removal suggest
previously unexplained regulation of both FGF23 processing at the level of the bone and
1,25D generation at the kidney.
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Figure 1.
Anatomical location of the 20 localized tumors confirmed to be causing tumor-induced
osteomalacia. Black X’s represent tumors located in soft tissues (10/20, 50%); white X’s
represent tumors located in bone (10/20, 50%). Star-like structures represents metastases.
Four tumors occurred in the head and neck, 14 occurred in the extremities, and 2 occurred in
the torso. Two subjects had metastases, both of which occurred in the lungs. One originated
in the left forearm and the other arose from the right mandible. Fourteen of the 20 tumors
were found on the left side of the body, 5 were found on the right side, and one was midline.
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Figure 2.
Mineral metabolism after tumor resection: Levels of various measures of mineral
metabolism were determined in ten subjects for up to 11 days after tumor resection. Blood
was drawn at 8 am after an overnight fast. The mean serum phosphorus was normal by day 5
and in all subjects it was normal by day 7 (A). Plasma iFGF23 decreased rapidly after tumor
resection, but did not return to normal in all subjects until day 11 (B). Plasma cFGF23
declined (but not into the normal range) and remained elevated post-operatively (C). As a
consequence, the cFGF23/iFGF23 ratio was markedly increased and remained elevated
throughout the period of monitoring (D). 1,25-dihydroxyvitamin D3 began to rise
immediately postoperatively, and was significantly elevated above the normal range during
most of the postoperative period (E). Average PTH levels were elevated for the first several
days following surgery then normalized (F). The elevation in the average PTH values were
driven by very high levels in one subject (number 28) who was eventually found to have
tertiary hyperparathyroidism and whose PTH values were quite elevated (at baseline
400-600 pg/ml). The PTH values in all other subjects were normal. Mean blood calcium
levels were normal throughout the observation period (G). The normal ranges are indicated
by the boxed areas.

Chong et al. Page 12

J Bone Miner Res. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Chong et al. Page 13

J Bone Miner Res. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
An example of a case illustrating octreo-SPECT/CT and FDG-PET/CT complementarity: A
15-year-old girl who was found to have tumor-induced osteomalacia had an FDG-PET/CT
study that demonstrated many areas of physiologic (e.g., brain, heart, kidneys) and non-
physiologic (e.g., arrows) uptake (A). Subsequently an octreo-SPECT/CT study was
performed that initially was read as negative (B). Guided by the non-physiologic FDG-PET/
CT findings, a reevaluation of the octreo-SPECT/CT identified a suspicious lesion on the
lateral aspect of the proximal right tibia on SPECT (C) and fused SPECT/CT (D) images
(arrows). In retrospect the lesion was evident on the whole body image (B, arrow).
Anatomic imaging identified a tumor on MRI (E). Further confirmation was deemed
necessary prior to surgical resection, so venous sampling (VS) was performed. VS revealed
a clear step-up in the region of the tumor suggested by functional and anatomical imaging
(F&G). In panel F, the values indicate the intact FGF23 concentration at the location
indicated by the arrows. In panel G, values from sites sampled are shown. The peripheral
value was 188 pg/ml and the values at sites adjacent to the lesion were 1320 and 1535 pg/
ml. The lesion was resected and the subject was cured.
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Figure 4.
An example of venous sampling in discriminating between two potential sites of tumor.
Whole body octreo-SPECT was performed and identifed two suspicious lesions, white
arrows (A). FDG-PET/CT suggested multiple lesions, including the lesion in the foot (B).
The white asterisk (B) indicates the injection site. Anatomincal imaging studies confirmed
the presence of a lesion at the brain-bone interface on CT scan (C), as well as a lesion on the
plantar surface as shown on 3D CT scan (D). Venous sampling at these two sites was
performed (E& F). In panels E & F, the course of the catheter the tips are indicated by white
arrow heads. Measurement of intact FGF23 levels clearly revealed that the lesion in the foot
was the source of the FGF23 (G).
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Figure 5.
Alogorithm for systematic approach to localizing tumors in tumor-induced osteomalacia.
After confirming a clinical and biochemical picture of tumor-induced osteomalacia, we
recommend obtaining functional imaging as a first step in tumor localization. Octreo-
SPECT (SPECT/CT if available) is the recommended initial screening imaging test, as it
was shown to have greater specificity and sensitivity than FDG-PET/CT. If a single lesion
suspcious for TIO is found and it is confirmed on anatomical imaing and carries a
reasonable surgical morbidity, surgical resection is recommended. If multiple lesions or no
lesions are found on octreo-SPECT, FDG-PET/CT should follow. This may help to identify
a lesion that was not initially seen on octreo-SPECT (as in Fig. 3), or help to confirm a
lesion seen on octreo-SPECT. If appropriate, proceed to anatomical imaging with CT and/or
MRI. If the area with the suspected lesion entails high surgical morbidity, or if multiple
lesions are identified, selective venous sampling is recommended to confirm or rule out the
tumor. If no lesion is found or a suspected lesion(s) is not confirmed on venous sampling,
medical therapy is recommended.
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