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Abstract

Tumor-induced osteomalacia (TIO) is a rare and largely underdiagnosed paraneoplastic condition. Previous reviews often
reported incomplete data on clinical aspects, diagnosis or prognosis. The aim of this study was to present a systematic
clinical review of all published cases of TIO. A search was conducted in Pubmed, Embase, Web of Science from inception
until April 23rd, 2020. We selected case reports and case series of patients diagnosed with TIO, with information on tumor
localization and serum phosphate concentration. Two reviewers independently extracted data on biochemical and clinical
characteristics including bone involvement, tumor localization and treatment. 468 articles with 895 unique TIO cases were
included. Median age was 46 years (range 9 months—90 years) and 58.3% were males. Hypophosphatemia and inappropri-
ately low or normal 1,25-dihydroxyvitamin D levels, characteristic for TIO, were present in 98% of cases. Median tumor
size was 2.7 cm (range 0.5 to 25.0 cm). Serum fibroblast growth factor 23 was related to tumor size (r=0.344, P <0.001). In
32% of the cases the tumor was detected by physical examination. Data on bone phenotype confirmed skeletal involvement:
62% of cases with BMD data had a T-score of the lumbar spine <— 2.5 (n=61/99) and a fracture was reported in at least
39% of all cases (n=346/895). Diagnostic delay was longer than 2 years in more than 80% of cases. 10% were reported to
be malignant at histology. In conclusion, TIO is a debilitating disease characterized by a long diagnostic delay leading to
metabolic disturbances and skeletal impairment. Increasing awareness of TIO should decrease its diagnostic delay and the
clinical consequences.
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Introduction

The rare and debilitating condition of tumor-induced
osteomalacia (TIO), also known as oncogenic or oncog-
enous osteomalacia, is nowadays more frequently recog-
nized, especially since its pathophysiological mechanisms
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tumor secretes phosphaturic factors known as “phospha-
tonins” [1-3], amongst which fibroblast growth factor
23 (FGF23) is the most frequently found, leading to the
cardinal features of the disease: hypophosphatemia from
renal phosphate wasting, reduced 1,25-dihydroxyvitamin
D concentration through inhibition of its synthesis, rickets
in children and osteomalacia in adults, with diffuse bone
pain, fractures and muscle weakness. Radical resection of
the responsible tumor leads to a rapid normalization of
biochemical parameters and to marked improvement or
resolution of the symptoms [4]. The majority of the tumors
are benign and arise from mesenchymal tissue [5].

Since the initial presentation can be misleading or non-
specific, TIO still remains a diagnostic and therapeutic
challenge despite the progress made in its understanding.
Moreover, the lack of serum phosphate measurement in
many standard comprehensive chemistry panels contrib-
utes to its delayed diagnosis [6]. In addition, the causative
tumor can develop anywhere in the body and can be small
enough to elude even our modern imaging techniques
[7, 8]. The consequence can be a long diagnostic delay,
leading sometimes to a dramatic outcome with multiple
fractures and severe disability. In order to identify tumor
mass, a stepwise imaging approach using functional and
anatomic imaging is suggested. Several techniques are
being used to detect the tumor, including but not limited
to computed tomography (CT) or magnetic resonance
(MR), 18F-fluorodeoxyglucose (FDG) PET/CT, Techne-
tium 99 m octreotide, scintigraphy/SPECT/CT and Gal-
lium-68 (°® Ga)-DOTATATE PET/CT. Recent studies have
demonstrated that 68 Ga-DOTATATE PET/CT shows the
greatest accuracy in TIO localization [6, 9, 10].

A few clinical reviews aimed to investigate the clinical
profile of TIO but they presented significant limitations:
the authors included cases of acquired hypophosphatemic
rickets / osteomalacia even if the tumor was not found
[4, 7, 11-14]. The overall aim of this review is to care-
fully describe the clinical and biochemical aspects and the
bone phenotype of TIO by conducting a complete analysis
of all published cases between 1947 and 2020. Although
in clinical practice the diagnosis often can be suspected
based on the clinical characteristics and the biochemi-
cal findings, we chose a more precise approach. To avoid
uncertain or incorrect diagnoses, the current study focuses
only on cases where the causative tumor was localized
and treatment led to cure or marked improvement of the
patient’s condition. While performing our review, another
systematic review was published on patients with a clini-
cal diagnosis of TIO [15]. Our approach enabled us to
describe more precisely the clinical presentation and the
localization of the responsible tumor in patients with TIO.
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Methods
Data Sources and Searches

This review was conducted following the Preferred Report-
ing Items for Systematic Reviews and Meta-analyses state-
ment (PRISMA) [16]. Due to the nature of our research
question and inclusion criteria, we did not perform a sepa-
rate risk of bias assessment. We searched Pubmed, Embase
and Web of Science from inception to April 23rd 2020, with-
out language restrictions. We screened references lists of
included articles. Search terms focused on tumor-induced
osteomalacia and hypophosphatemic rickets (Online Appen-
dix Table 1).

Study Selection

Two reviewers screened all articles and abstracts of confer-
ences containing descriptions of clinical cases of TIO. The
criteria appraised to select cases were as follows: acquired
hypophosphatemia due to renal phosphate wasting with a
reported serum phosphate level before treatment, no known
family history of osteomalacia, reported localization of the
causative tumor, and cure after appropriate treatment or at
least clear-cut improvement (in terms of clinical and bio-
chemical parameters or in the amount of medical treatment
needed). Case reports on linear sebaceous naevi [17, 18], von
Recklinghausen disease [19, 20], fibrous dysplasia of bone
[21], McCune-Albright syndrome [22], and hematological
malignancies [23-25] were excluded. These conditions are
known to be potentially associated with hypophosphatemia
but are better described as “tumor-induced osteomalacia like
syndrome” [14]. In addition, some cases were published
more than once (80 reports) and only the first publication
was included.

Data Extraction

Two investigators reviewed all cases. When available, the
following information was collected: demographic data
(age, sex); data about the disease (time from the first symp-
toms to diagnosis and treatment, outcome after treatment,
duration of follow-up); data about the tumor (location,
signs at physical examination pointing out to the tumor,
presence or absence of symptoms that could be attributed
to the tumor directly, techniques used for localization,
histology, malignant features and size of the tumor); bio-
chemical data (serum phosphate, 25-hydroxyvitamin D,
1,25-dihydroxyvitamin D concentration, plasma FGF23
concentration and tubular maximal phosphate resorption/
glomerular filtration rate (TmP/GFR)) and data about bone
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health (occurrence of fractures and bone mineral density
(BMD) at the lumbar spine, total hip and femoral neck
assessed by dual-energy X-ray absorptiometry). TmP/
GFR, if not directly available in the manuscript, was cal-
culated using the nomogram of Walton & Bijvoet [26].
FGF23 values were recorded, taking into account the
assay used and the normal range. Since FGF23 was meas-
ured with several different commercial or in-house kits
and since they are not interconvertible [27], we expressed
FGF23 values as the times of the upper limit of the respec-
tive normal ranges.

Serum phosphate and TmP/GFR were expressed in
mmol/L and 1,25-dihydroxyvitamin D concentrations were
expressed in pmol/L with the conversion factors of 0.323
and 2.4 to convert from mg/dL and pg/mL, respectively.
25-hydroxyvitamin D concentrations were expressed in ng/
mL.

A tumor was considered malignant when either men-
tioned as such or when an invasive behavior was evident,
such as the occurrence of metastases.

Statistical Analysis

Data are presented as mean + SD or median with the inter-
quartile range according to distribution. Statistical tests
used for comparisons were the Mann Whitney-U test,
Kruskal-Wallis test and chi-square test for homogeneity.
Spearman correlation analysis was used to analyze the cor-
relations among continuous variables. All analyses were
performed with IBM SPSS software, version 25 (SPSS,
Chicago, IL).

Results

We identified 468 articles on 895 unique cases of TIO, span-
ning a period from 1947 until 2020 (Fig. 1), and they are
reported in Online Resource 1. Less than 5% of cases were
published before 1980 and more than 70% were published
in the last decade, suggesting that the disease becomes more
frequently recognized with time (Online Appendix Fig. 1).

Demographic Data

The disease occurred at any age from 9 months to 90 years
with a median age at the time of diagnosis of 46 years. The
majority of patients were aged between 30 and 60 years with
a peak between 45 and 55 years of age (Online Appendix
Fig. 2). Of the 858 cases with information on sex, 41.7%
were females and 58.3% were males.

Biochemical Data

In adults, mean serum phosphate was 0.48 +0.15 mmol/L
(N =829; normal range 0.74-1.52) [28] and 96.1%
had hypophosphatemia. The median TmP/GFR was
0.36 mmol/L (from 0.02 to 1.80; N=357; normal range
0.81-1.36) [26]. In patients under 18 years old, these val-
ues were 0.59 +£0.26 mmol/L (N=38) and 0.37 mmol/L
(from 0.14 to 0.92; N=14), respectively.

One of the cardinal features in TIO is a low or inap-
propriately normal circulating concentration of 1,25-dihy-
droxyvitamin D since hypophosphatemia is expected
to stimulate renal la-hydroxylase which will increase
1,25-dihydroxyvitamin D production. The median value of
1,25-dihydroxyvitamin D concentration was 51.1 pmol/L
(from undetectable to 301.6 pmol/L; N=337; normal
range: 50-155) (Fig. 2). More than 60% of the patients had
1,25-dihydroxyvitamin D values below the lower limit of
the normal range. About one third of the values lied within
the normal range and 8 patients had elevated values of
1,25-dihydroxyvitamin D, of whom 5 patients had elevated
values of parathyroid hormone with low or normal calcium
levels. Thus, more than 97% of 1,25-dihydroxyvitamin D
values were low or inappropriately normal. There was a
significant positive correlation between 1,25-dihydroxyvi-
tamin D and serum phosphate level (r=0.227; P <0.001;
N=337). The median value of 25-hydroxyvitamin D con-
centration was 23.5 ng/mL (from undetectable to 150.0 ng/
mL; N=373; normal range 25-80). The median FGF23
value was 3.75 times the upper limit of the normal range
(xULN) (0.0-162; N=346). Over 80% of the results lied
between more than 1 to 21 times XULN (Fig. 2). In 31
of 346 cases, FGF23 was below the upper limit of nor-
mal, varying from 0.02 to 0.99 times the upper limit of
normal. Four of these cases had a tumor size smaller
than 1.5 cm, eight cases had a tumor size 1.5-3.0 cm.
We found a positive correlation between FGF23 (xULN)
and tumor size (r=0.344, P <0.001; N=130) (Online
Appendix Fig. 3). There was a significant negative corre-
lation between FGF23 and serum phosphate (r=— 0.114
P=0.034; N=346) and between FGF23 and Tmp/GFR
(r=-0.243; P=0.001; N=187). The correlation between
FGF23 and serum 1,25-dihydroxyvitamin D was not
significant (P =0.443). FGF-23 levels were not always
reported. Therefore, we analyzed the differences between
cases who had FGF-23 measured with cases for which no
FGF23 levels were reported. Interestingly, tumor size was
significantly smaller in patients who had FGF23 measure-
ments (median tumor size 2.5 cm) than in patients without
reported FGF23 measurements (median tumor size 2.9 cm;
P=0.013). Moreover, TmP/GFR was slightly lower in
patients without FGF23 measurements (P =0.010). The
diagnostic delay seemed slightly shorter in the cases with
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Search of electronic
databases (n = 7185)
Pubmed: 1834
Embase: 2165
Web Of Science: 3186

Duplicates
—>
n=3082
\ 4
Title and abstract
screened
n=4103
> Excluded irrelevant
studies
\ 4 n=3268
Full text
screened

n =835 (1999 cases)

No TIO: 13
>

Duplicates: 82

y No full text: 46

Cases excluded with reasons: 1104
TIO-like syndrome: 4

Hypophosphatemia from unknown cause: 14
No case description: 11

No information on either serum phosphate or tumor location: 798

Included studies
n =468 (895 cases)

Fig.1 Flow diagram of the search

FGF23 measurements, but this was not significant (Online
Appendix Table 2).

Tumor Characteristics

We considered five regions: head and neck, trunk, pelvis,
upper and lower limbs. The two most frequent localiza-
tions were the lower limbs (46.4%) and the head and neck
area (25.7%) (Fig. 3). The median size of the tumor was
2.7 cm ranging from 0.5 to 25 cm (N=416). No relationship
was found between tumor size and serum phosphate levels
(P=0.12), TmP/GFR (P=0.63) or 1,25-dihydroxyvitamin
D levels (P=0.44). However, a weak but positive correla-
tion was found between the size of the tumor and diagnostic
delay (r=0.113, P=0.033; N=354). Table 1 depicts the dif-
ferences between tumor sizes ranging from tumors smaller
than 1.5 cm to larger than 5.0 cm. The diagnostic delay and
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FGF23 levels were significantly different between the dif-
ferent tumor sizes.

Since these tumors can be found anywhere in the body,
we determined how frequently they could be detected
readily on just clinical examination. From the total of 895
descriptions, 494 cases reported a physical examination.
160 tumors, i.e., 32.4% of the cases with reported physi-
cal examination and 17.9% of the total number of cases,
were reported to have been identified at physical examina-
tion. For tumors larger than 5.0 cm, physical examination
identified the tumor in 59.5% of the cases with a reported
physical examination (N=25/42) and 42.4% of the total
number of cases (N=25/59). In the 461 adult cases with
physical examination, external tumors were slightly larger
than tumors that were not identified at physical examina-
tion, with a median size of 3.0 cm (range 0.5-15.0 cm) vs.
2.5 cm (0.6—-15.0 cm), respectively (P <0.001) (Table 2).
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Fig. 2 Distribution of serum phosphate, 1.25 (OH)2 D levels and the
times of the upper limit of normal FGF-23 among adults with TIO.
Histograms showing the distribution of serum phosphate in mmol/L
(A), serum 1.25(OH)2 Vitamine D in pmol/L (B) and the times of the

The time to diagnosis was not significantly different
between external tumors and tumors that were not identi-
fied by physical examination: 4.0 years (0.2-25 years) vs.
3.0 years (0.1-42 years), respectively (P =0.06). Online
Appendix Fig. 4 depicts the identification of external and
internal tumors by year of publication.

In this review, 56 tumors out of 579 (9.7%) were
reported to be malignant at histology. The size of the
tumor tended to be larger in the group with a malignant
tumor: 5.3 cm (1.2-15.0 cm) vs. 2.5 cm (0.5-15 cm)
(P <0.001) (Online Appendix Table 3). Smaller tumors
(i.e., less than 3 cm) were almost always benign (97.9%).
Malignant tumors were most frequently diagnosed as PMT
(phosphaturic mesenchymal tumor) (19.6%), followed by
osteosarcomas (7.1%) while amongst PMTs, 2.4% were
found to be malignant.

5

Number of cases

1004

0 100 200 300

Serum 1.25 dihydroxyvitamin D (pmol/L)

upper limit of normal of FGF-23 (C). Normal range for serum phos-
phate: 0.74-1.52 mmol/L. Normal range for serum 1.25(OH)2 Vita-
min D: 50-155 pmol/L. FGF-23 Fibroblast growth factor 23, ULN
upper limit of normal

Tumors responsible for TIO are very heterogeneous.
However, since the work of Weidner et al. [5] and Folpe
et al. [29] who also reviewed previous cases, it appears
that the majority was considered to be a PMT (65.4%;
N=527/806), followed by hemangiopericytoma (9.1%;
N=281/806), giant cell tumor (2.9%; N=26/806) and
hemangioma (2.1%; N=19/806). If one considers only
the cases published after the publication by Folpe et al.
in 2004, PMT account for 75.5% (N=512/678) of the
cases. The second most frequent histological diagnoses
was hemangiopericytoma (6.3%; N=48/678), followed by
giant cell tumor (2.6%; N=20/678).
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Fig.3 Localization of the tumor

Clinical Characteristics

Apart from the symptoms secondary to osteomalacia, such
as proximal muscle weakness or pain, a tumor can lead by
its anatomical location to specific symptoms such as ten-
derness, paresthesias, paresis anosmia, nasal obstruction or
epistaxis. Out of 895 cases, 74 experienced local symptoms
indicating that a thorough medical history and physical
examination can give a clue as to the tumor localization in
at least 8.3% of the cases. Interestingly, in 42 out of 216
cases (19.4%) with a tumor in the head and neck region,
local symptoms were described that might in theory have
led to tumor localization on clinical grounds. In 32.4% of
cases where a physical examination was performed, a tumor
was identified (N=160/494). Out of the 334 cases were a
tumor could not be identified on physical examination, 9.3%
experienced local symptoms such as redness, swelling, pain.
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Head/neck 25.7%

Upper limb 6.9%

Trunk 9.7%

A Pelvis 10.3%

Lower limbs 46.4%

Taken together, 21.3% (n=191/895) of the tumors in the
total population or 38.7% (N=191/494) of the cases with
a reported physical examination could have been localized
just on clinical grounds.

Symptoms secondary to osteomalacia, such as proximal
muscle weakness or pain, occurred in at least 89.9% of cases
and seemed more prevalent in cases with tumors located in
the upper and lower limb and head and neck region (91.9%,
91.3% and 90.9%, respectively) than in the trunk and pelvis
(82.8% and 85.9%, respectively). However, the occurrence of
symptoms secondary to osteomalacia was not significantly
different between localizations of the tumor (P =0.108).

We next evaluated how many cases described the occur-
rence of fractures. 422 out of 895 cases evaluated and
described whether a fracture occurred. Strikingly, 346 of
these patients (82.0% of 422 and 38.7% of the total) had
one or more recent fractures (exact frequency not always
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Table 1 Differences between tumors of different sizes in adults
Tumor< 1.5 cm Tumor 1.5-3 cm Tumor 3-5 cm Tumor>5 cm P value*
N N N N

Age, years 63  46.0(21.0,73.0) 151 46.0(18.0,76.0 125 46.0(19.0, 73.0) 54 46.0(18.0,90.0) 0.999
Diagnostic delay, years 53 3.0 (0.25, 19.0) 128 3.0(0.5,20.0) 109 3.0(0.17,27.0) 48 5.5(0.17,21.0) 0.032
Phosphate, mmol/L 63 0.48 (0.23, 0.87) 151 0.48 (0.19, 0.90) 125 0.45(0.11, 1.03) 54 0.42(0.16, 0.90) 0.320
TmP/GFR, mmol/L 31 0.36 (0.09, 1.30) 72 0.39(0.02, 1.25) 52 0.36 (0.09, 1.50) 17 0.31(0.11,0.74) 0.768
Calcium, mmol/L 49 2.25(1.10, 2.86) 106 2.28 (2.00, 2.64)) 88 2.26(1.98,10.50) 37 2.30(1.95,2.70) 0.146
FGF23 xULN 24 253 (0.56,15.56) 57 2.78(0.13,48.67) 35 5.06(0.28,139.19) 12 4.66 (1.03, 45.00) 0.005
BMD T-score 13 —-27(-45,-13) 36 -3.1(-59,0.1) 12 -22(-48,-1.1) 10 -28(-6.9,-1.2)) 0.861
L1-L4
BMD T-score 3 —-26(-39,-25) 14 -25(-50,-0.8) 1 - 3 —-29(-59,-1.2) 0936
Total hip
BMD T-score femoral 6  —3.4(-53,-0.8) 19 —-28(-45,04) 6 —28(—46,-22) 5 -30(-3.6,—-1.5) 0.749

neck
Tumor localization 63 151 125 54 0.073

Lower limb 41 (61.5%) 78 (51.7%) 55 (44.0%) 25 (46.3%)

Upper limb 2 (3.2%) 7 (4.6%) 12 (9.6%) 6 (11.1%)

Head/neck 10 (15.9%) 39 (25.8%) 30 (24.0%) 9 (16.7%)

Trunk 6(9.5%) 10 (6.6%) 12 (9.6%) 10 (5.6%)

Pelvis 4(6.3%) 17 (11.3%) 15 (12.0%) 3 (5.6%)

Multiple locations 0 (0.0%) 0(0.0%) 1(0.8%) 1(1.9%)

*Differences between groups were tested using Mann Whitney-U test, Kruskal-Wallis test and chi-square test for homogeneity. Continous data
are presented as median (range). Categorical data are presented as count (%)

BMD bone mineral density, FGF23 Fibroblast growth factor 23, TmP/GFR maximum tubular reabsorption rate of phosphate, xULN times the

upper limit of normal

Table 2 Differences between
external and internal* tumors
in adults

External Internal* P value®
N N
Age, years 154 44.5 (18.0, 79.0) 307 47.0 (18.0, 90.0) 0.057
Diagnostic delay, years 141 4.0 (0.2,25.0) 235 3.0(0.1, 42.0) 0.055
Tumor size, cm 105 3.0 (0.5, 15.0) 150 2.5 (0.6, 15.0) <0.001
Phosphate, mmol/L 154 0.47 (0.11, 1.20) 307 0.45 (0.10, 0.90) 0.991
Calcium, mmol/L 115 2.30(1.95,2.77) 211 2.25(1.27,2.90) 0.070
TmP/GFR, mmol/L 62 0.26 (0.03,0.74) 130 0.36 (0.02, 1.80) 0.004
FGF23 ULN 30 3.8 (0.3, 63.0) 115 3.7 (0.3, 62.6) 0.938
BMD T-score L1-L4 19 —-35(-55,-0.5) 38 -27(-59,3.7) 0.106
BMD T-score total hip 6 -27(-59,-0.9) 14 -33(-5.0,-0.2) 0.444
BMD T-score femoral neck 11 -36(-74,-1.7) 23 —-25(-53,1.6) 0.019
Tumor localization 154 307
Lower limb 108 (35.2%) 72 (46.8%) <0.001
Upper limb 13 (4.2%) 16 (10.4%)
Head/neck 88 (28.7%) 44 (28.6%)
Trunk 49 (16.0%) 13 (8.4%)
Pelvis 45 (14.7%) 8(5.2%)
Multiple locations 4(1.3%) 1(0.6%)

*Internal tumors were defined as tumors that were not identified at physical examination. * Differences
between groups were tested using Mann Whitney-U test, Kruskal-Wallis test and chi-square test for homo-
geneity. Continuous data are presented as median (range). Categorical data are presented as count (%)

BMD bone mineral density, FGF23 Fibroblast growth factor 23, TmP/GFR maximum tubular reabsorption
rate of phosphate, ULN upper limit of normal
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described). 41.0% (N=142/346) suffered one fracture, 24.5%
(N=85/346) suffered two fractures, 25.4% (N =88/346) suf-
fered three fractures and 9.0% (N =31/346) suffered four
or more fractures. The majority of these patients had a hip
fracture (56.6%, N=196), followed by a rib fracture (51.4%,
N=178) and a vertebral fracture (38.4%, N=133).

TIO is by definition a defect in bone mineralization. In
addition, we were interested in the effect of the disease on
bone density. The lumbar spine BMD was described in only
95 adult cases (11.4%). Strikingly, 57 out of these 99 cases
(60.0%) had a T-score below -2.5. The BMD of the femoral
neck was analyzed only in 47 cases (5.7%), but also here
32 cases (68.1%) had a T-score below -2.5. No correlation
was found between lumbar spine BMD and serum phosphate
(N=95), FGF23 (N=47) or tumor size (N=71).

We next evaluated which imaging techniques were used
to detect the tumors. Most tumors were located using MRI
(36.8%), followed by CT scan (29.3%), '®F-fluoro-deoxy-
glucose (FDG)-PET/CT (15.8%) and X-ray (10.3%). %*Gal-
lium-DOTATATE, -DOTANOC and -DOTATOC PET/CT
scanning together located 20.3% of the tumors. Other less
commonly used techniques were nuclear imaging, ultra-
sound and angiography.

The time gap from the initial patient’s complaints to the
diagnosis and cure was highly variable, ranging from 0.1 to
42 years with a median delay of 3.5 years. Only 20% of case
were correctly diagnosed within 2 years while in 30% it took
between 5 and 25 years to diagnose TIO (Online Appen-
dix Fig. 5). In addition, physicians did not perform better
during the last decade despite the availability of modern
imaging armamentarium. Before 2010, the median delay was
3.5 years, after 2010, the median delay was still 3.4 years
(P=0.608).

We found a positive correlation between tumor size and
the diagnostic delay (r=113, P=0.033, N=354). In addi-
tion, Table 2 shows that both diagnostic delay and FGF23
levels increase with tumor size. Specifically, tumors>5 cm
had a median diagnostic delay of 5.5 years, while tumors
1.5-3.0 cm had a median diagnostic delay of 3.0 years
(P=0.015).

Treatment

The administration of phosphate supplementation to treat
the hypophosphatemia was reported in 461/895 cases. 81.6%
(N=376/461) of these cases were treated with phosphate
supplementation. Calcitriol or alphacalcidol was admin-
istered in 76.9% (N =332/432) of cases with information
on calcitriol use. Apart from phosphate and active vitamin
D, most tumors were treated with surgery only (84.2%,
N=754/829) or with a combination of surgery and chemo-
therapy or radiotherapy (4.2%). Chemotherapy, radiother-
apy and radiofrequency ablation as a single treatment entity
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were used in a few cases (NV=27). In all cases, there was an
improvement or a normalization of the biochemical param-
eters. Malignant tumors were managed with surgery only
(50.0%), chemotherapy and/or radiotherapy in addition to
surgery (32.0%), chemotherapy only (14.0%) or radiotherapy
only (2.0%).

A follow-up duration of more than 6 months was reported
in 325 cases. The duration of follow-up in this group varied
from 0.6 to 26 years with a median of 2.0 years. Recurrence
was reported in 16.1% (N=150/310) among which 20.0%
were malignant and 80.0% were benign. As expected, the
proportion of local recurrence was significantly higher in
malignant tumors (36.4% vs. 15.8%; P=0.034; N=224).
Out of the 754 surgically treated cases, 279 had a minimal
follow-up duration of 6 months. 14.2% of these patients
(N=38/267) reported recurrence of disease during
follow-up.

Discussion

In this review, we describe the clinical and biochemical
aspects and the bone phenotype of published TIO cases. Sev-
eral reviews about TIO have been published previously [4,
7, 11, 13, 14, 30, 31], but they provide incomplete clinical
details because they did not include a systematic review of
all the published cases of TIO until now. Recently, Rendina
et al. performed a systematic review on TIO, but they also
included cases with only a clinical diagnosis of TIO [15]. In
the current study, we included cases with a reported serum
phosphate before treatment, a localized tumor and cure
after appropriate treatment or at least marked improvement,
thereby excluding cases with uncertain or incorrect diag-
noses. Careful inspection of each published case—includ-
ing also non-English publications —, allowed us to better
characterize the clinical features of this condition and to
draw conclusions on tumor size, diagnostic delay and bone
phenotype hitherto not reported.

Our data show that the majority of TIO occurs in adults,
mainly in their forties and fifties. However, also cases have
been described in very young children implicating that if
in childhood inherited conditions cannot be demonstrated,
TIO should be suspected and looked for. We found that TIO
was more prevalent in males with 58% of cases, which is in
agreement with the recent systematic review performed by
Rendina et al., but in contrast with previous literature [4,
7, 15].

The diagnosis of TIO depends on clinical evaluation, bio-
chemical testing and tumor identification [32]. According
to our review, a thorough clinical examination can result
in identification of the tumor. Patients were often aware
of a lump or a growth for many years and in some cases
the tumors caused symptoms other than those related to
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osteomalacia, mostly due to the compression of adjacent
vascular or neurological structures. In sum, in nearly 40%
of the patients with reports on clinical evaluation, the tumor
could have been localized just on clinical grounds. This is
quite a high percentage and has not been reported before,
but the literature on this topic is scarce. Shah et al. reported
on 163 previously published cases of TIO in the head and
neck region in whom the tumor was localized using clinical
evaluation in 16.7% of cases (N=22/131)[33]. Similarly, we
found that 19.4% of cases with a tumor in the head and neck
region reported local symptoms. It should be noted that we
do not have information on the timing of the tumor detection
during clinical examination. Our review only includes cases
with a localized tumor and it is possible that identification
of the tumor on imaging aided in linking local symptoms to
the tumor location.

It has been well known that bone involvement represents
one of the most important metabolic consequences of TIO.
Transiliac bone biopsy samples from TIO subjects showed
a severe condition of osteomalacia with low mineralized
bone volume, low mineralized trabecular thickness, and a
significant increase in the heterogeneity of mineralization
[34, 35]. We found that 60.0% of cases with a report on
BMD showed a low bone mass (based on T-scores < — 2.5).
The tremendously high rate of fractures in our study popu-
lation (82% reported one or more fractures) confirms how
bone fragility represents a hallmark of the disease. This is
in line with previous reports on the severe decrease of BMD
at any investigated skeletal sites [36, 37] and impairment of
bone microarchitecture and strength [38] with consequent
fragility fractures which frequently occur in weight-bearing
bones [36, 39]. The fracture rate reported in our study is
higher than the fracture rate reported by Rendina et al. (56%
in men and 48% in women), which may be explained by the
fact that we applied different inclusion criteria or because we
distinguish between articles that reported on fracture occur-
rence and articles that did not. Nevertheless, our findings
imply that the bone phenotype is a hallmark of the disease
and confirm the need for bone evaluation in patients with
chronic hypophosphatemia [40].

As to the location of the tumors, they were found any-
where in the body but most often in the lower limbs (46.4%)
and in the head and neck area (25.7%). This is in line with
the publication by Rendina et al., who reported that 56% of
the tumors in men and 49% of the tumors in women were
located in the lower extremities and 27% of the tumors in
men and 34% of the tumors in women were located in the
head and neck region [4, 7]. These two sites should thus be
explored with scrutiny if the tumor is not readily found.

The size of the tumors varied considerably, from 0.5 to
25 cm, but the largest ones (>5 cm) were found predomi-
nantly in the lower limbs. Our analyses showed that tumor
size did not correlate with serum phosphate, TmP/GFR or

1,25-dihydroxyvitamin D but it was significantly correlated
with FGF23 levels. This is in line with previous literature
and might suggest that in an untreated patient, an increase in
FGF23 level over time could represent an increase in tumor
size [41]. This finding underlines the importance of timely
tumor localization and removal.

The diagnostic delay for TIO has been reported to range
from 2.5 to 28 years [32]. Similarly, we found a median time
gap between the initial presentation and the tumor-related
treatment of 3.5 years with a range from 0.1 to 25 years.
Surprisingly, this delay has not fallen significantly in the
last decade despite the availability of very powerful imaging
techniques, suggesting that the awareness of the condition
is still a major determinant in the celerity of the diagnosis.
This is supported by the finding that the diagnostic delay was
not significantly different for external tumors compared to
internal tumors. Interestingly, tumors larger than 5 cm had
a median diagnostic delay of 5.5 years, while tumors less
than 5 cm had a median diagnostic delay of 3.0 years. In
addition, tumors were larger in the group without FGF23
measurements. Possible explanations for the longer delay
in the group with the largest tumor are: the lack of FGF23
measurements, and the lack of experience of the treating
physician in recognizing this condition.

Hypophosphatemia and renal phosphate wasting are
cardinal features in TIO. However, since serum phosphate
is not always included in the standard chemistry panel,
failure to identify or recognize low serum phosphate lev-
els can delay the diagnosis. For this reason, we make the
case that serum phosphate should always be measured in
case of muscle weakness or pain, bone pain and fatigue,
with or without fractures. Measurement of serum FGF23
is relevant in any patient with hypophosphatemia and renal
phosphate wasting [32], and in the current review it was
never found below the limit of the normal range. However,
in a few cases FGF23 was within the normal range, which
is still abnormal in the setting of hypophosphatemia [42]. A
possible explanation for this is the role of other inhibitors
of phosphate transport such as Fibroblast growth factor 7 or
secreted frizzled-related protein 4 [43, 44]. Measurement
of intact FGF23 seems to be the most specific and sensitive
test in TIO [45]. However, raised FGF23 cannot definitively
establish the diagnosis of TIO since there is a considerable
overlap in FGF-23 levels between TIO and inherited condi-
tions of hypophosphataemia [42], TIO-like syndromes [46],
recent renal transplantation [47], and drug-related hypophos-
phatemia, mainly due to intravenous iron [48-50] Still,
FGF23 levels are generally higher in TIO than in XLH and
other causes of hypophosphatemia [42]. Rendina et al. found
that serum levels of intact FGF23 were higher in patients
with a localized tumor compared to patients in whom the
tumor was not identified, which raises the question whether
these patients were correctly diagnosed as TIO.
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Histology has been simplified since the work of Weidner
et al. [5]in 1987 and Folpe et al. [29] in 2004. Prior to these
studies, many tumors were qualified as e.g., hemangioperi-
cytomas, hemangiomas, giant cell tumors and osteoblasto-
mas. Both Weidner et al. and Folpe et al. reviewed the histol-
ogy of tumors that were involved in TIO and concluded that
many of them could be reclassified as PMT, a morphologi-
cally distinct entity that can be further classified into four
groups: mixed connective tissue, osteoblastoma-like, non-
ossifying fibroma-like and ossifying fibroma-like. Neverthe-
less, not all causative tumors fall in this group, as revised
diagnoses still included other tumors e.g., hemangiopericy-
tomas and hemangiomas [5, 29]. In this review, we found
that the majority of causative tumors was classified as PMT
(65.4%), followed by hemangiopericytoma and giant cell
tumor. When we considered only the cases that were pub-
lished after the publication by Folpe et al. in 2004 [29], PMT
account for 75.5% of the cases. These results demonstrate
that the classification of the tumors has improved and that
the histopathologic characteristics of PMT are recognized.
Nevertheless, the histological classification of PMT does not
entirely correlate with the clinical presentation, since not all
PMTs lead to hypophosphatemia [51].

In this review, most of the tumors were benign. It’s impor-
tant to underline that about 10% of cases were reported to
be malignant at histology. This percentage is higher than
reported by Rendina et al., but not all TIO cases included
in our review reported information on histology. Amongst
PMTs, we found that only 2.4% was malignant. Also non-
PMT malignant tumors can secrete FGF23 leading to
hypophosphatemia with renal phosphate wasting [52, 53].
This may worsen the burden of symptoms associated with
the cancer and may warrant additional treatment with phos-
phate supplements and active vitamin D metabolites.

The only curative treatment for TIO is removal of the
tumor. Hence, localization of the tumor is very important.
Often a multimodality approach is necessary, including
functional imaging followed by anatomical imaging of sus-
picious areas [32, 54]. Due to the nature of this study we
cannot draw conclusions on the best performing imaging
techniques in TIO. It is likely that negative results of imag-
ing modalities were not reported, which precludes us from
making statements about the sensitivity and specificity of the
different imaging techniques that are available. Our data sug-
gest that in the last two decades more internal tumors were
found, implying that localization techniques have become
more efficient. However, despite the availability of advanced
imaging techniques, we did not see a decrease in diagnostic
delay in the last ten years, indicating that recognition of the
clinical characteristics of TIO needs to be improved.

As to the treatment, complete surgical resection with wide
margins when feasible is the optimal treatment [55]. Incom-
plete resection is usually not sufficient for full resolution of
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the symptoms and can lead to recurrence. In those cases,
phosphate and active metabolite of vitamin D supplements
can be continued [14]. We found that the majority of patients
were treated with surgery only (84.2%) or with a combina-
tion of surgery and chemotherapy or radiotherapy (4.2%).
However, it should be noted that we only included cases in
whom the tumor was localized and tumor-related treatment
led to marked improvement or cure. Cases in whom a tumor
was identified but tumor-related treatment was not initiated,
not possible or did not result in improvement in clinical and
biochemical parameters, were not included. Therefore, we
cannot draw any conclusions on treatment effectiveness.
Furthermore, we found that 81.6% of cases were treated
with phosphate supplementation and 76.9% of cases were
treated with calcitriol before any tumor-related treatment,
which shows that the importance of medical therapy in TIO
before tumor removal is well recognized.

Lastly, we found a recurrence rate of 14.2% in surgi-
cally treated patients. This is higher than what was recently
reported by Li. et al.[55], who observed a recurrence rate of
7.8% after primary surgery in 230 retrospectively analysed
patients from a single tertiary hospital in China. Neverthe-
less, although many cases did not report on follow-up dura-
tion or recurrence, these results suggest that surgical treat-
ment for TIO is highly effective and should be considered in
all patients with localized tumors.

Our review has a few weaknesses. We have only included
cases with a reported localized tumor and we excluded cases
where the tumor could not be located despite exhaustive
investigation [56-58]. It is likely that these cases do not get
published, which may have resulted in an overrepresenta-
tion of the less challenging cases in our review. Second, the
variables assessed in this study are extracted from the case
reports. For this reason, there is a considerable amount of
missing data. Moreover, there is a variability related to the
different assays of FGF23 used in terms of sensitivity and/or
specificity, and unknown timing of the measurements and/
or influence of medical therapy, which could have concealed
or decreased correlations for example between FGF23 and
phosphate and tumor size. Third, the concept of disease
duration may be elusive as symptoms such as weakness are
difficult to date. Fourth, most of the case reports reported
that subjects were not taking calcitriol when they performed
1,25 (OH)2D measurements; however, few authors did not
include this information in the publication.

In conclusion, our review on all TIO cases published
until now aims to help clinicians to define the clinical, bio-
chemical and radiological profile of this rare condition.
By including only cases with a localized tumor and serum
phosphate report, we were able to draw conclusions on the
significance of clinical examination, bone evaluation and
tumor size, hitherto not reported. From our findings we can
conclude that there is still a considerable diagnostic delay,
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despite increased knowledge of TIO and improved imaging
techniques, resulting in metabolic disturbances and skeletal
impairment. A thorough clinical examination can point to
the causative tumor. Moreover, we found that FGF23 was
related to tumor size, a finding that underlines the impor-
tance of early detection of the causative tumor followed by
its removal.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00223-022-01005-8.

Acknowledgements Figure 3 was created with BioRender.com.

Author Contributions This study was conceptualized by JJIB and JV.
The literature search and data collection were performed by AB, AP
and JV. Data analysis was performed by AB and AP. AB, AP, JV, JIB
and CZ drafted the article. All authors commented on previous versions
of the manuscript. All authors read and approved the final manuscript.

Funding No funding was received for conducting this study.

Declarations

Competing interest AB is supported by a Grant from Health ~Holland
(PhosphoNorm; LSHM18029). AP, JV WX, and JB declare they have
no financial interests. SB received grants from Ultragenyx and consult-
ing fees from Ultragenyx, Amgen and Inozyme. SB serves on the Data
Safety Monitory Board of NIDCR (NIH) and NIDDK (FIT4KIDS);
on the advisory board of Ultragenyx, Amgen and Inozyme; and in the
scientific advisory board of the XLH network. SF received lecture fees
from Kyowa Kirin, and is president of the Japanese Society for Bone
and Mineral Research (JSBMR). SM served as speaker for Abiogen,
Bruno Farmaceutici, Diasorin, Kyowa Kirin, UCB. He also served in
advisory boards of Eli Lilly, Kyowa Kirin, UCB. MCZ reports that her
institution has received a research grant from Kyowa Kirin and she is
an unpaid board member of the steering committee of the Kyowa Kirin
International XLH registry.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Schiavi SC, Kumar R (2004) The phosphatonin pathway: new
insights in phosphate homeostasis. Kidney Int 65:1-14

2. Cai Q, Hodgson SF, Kao PC, Lennon VA, Klee GG, Zinsmiester
AR, Kumar R (1994) Brief report: inhibition of renal phosphate

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

transport by a tumor product in a patient with oncogenic osteo-
malacia. N Engl J Med 330:1645-1649

Shimada T, Mizutani S, Muto T, Yoneya T, Hino R, Takeda S,
Takeuchi Y, Fujita T, Fukumoto S, Yamashita T (2001) Cloning
and characterization of FGF23 as a causative factor of tumor-
induced osteomalacia. Proc Natl Acad Sci U S A 98:6500-6505
Ryan EA, Reiss E (1984) Oncogenous osteomalacia. Review of
the world literature of 42 cases and report of two new cases. Am
J Med 77:501-512

Weidner N, Santa Cruz D (1987) Phosphaturic mesenchymal
tumors. A polymorphous group causing osteomalacia or rickets.
Cancer 59:1442-1454

Florenzano P, Hartley IR, Jimenez M, Roszko K, Gafni RI, Col-
lins MT (2021) Tumor-induced osteomalacia. Calcif Tissue Int
108:128-142

Jiang Y, Xia WB, Xing XP, Silva BC, Li M, Wang O, Zhang
HB, Li F, Jing HL, Zhong DR, Jin J, Gao P, Zhou L, Qi F, Yu W,
Bilezikian JP, Meng XW (2012) Tumor-induced osteomalacia:
an important cause of adult-onset hypophosphatemic osteoma-
lacia in China: Report of 39 cases and review of the literature.
J Bone Miner Res 27:1967-1975

Paquet M, Gauthé M, Zhang Yin J, Nataf V, Bélissant O, Orcel
P, Roux C, Talbot JN, Montravers F (2018) Diagnostic perfor-
mance and impact on patient management of 68Ga-DOTA-TOC
PET/CT for detecting osteomalacia-associated tumours. Eur J
Nucl Med Mol Imaging 45:1710-1720

Meyer M, Nicod Lalonde M, Testart N, Jreige M, Kamani C,
Boughdad S, Muoio B, Becce F, Schaefer N, Candrian C, Gio-
vanella L, Prior JO, Treglia G, Riegger M (2019) Detection
rate of culprit tumors causing osteomalacia using somatostatin
receptor PET/CT: systematic review and meta-analysis. Diag-
nostics (Basel) 10

El-Maouche D, Sadowski SM, Papadakis GZ, Guthrie L, Cottle-
Delisle C, Merkel R, Millo C, Chen CC, Kebebew E, Collins
MT (2016) 68Ga-DOTATATE for tumor localization in tumor-
induced osteomalacia. J Clin Endocrinol Metab 101:3575-3581
Crouzet J, Mimoune H, Beraneck L, Juan LH (1995) Hypophos-
phatemic osteomalacia with plantar neurilemoma. A review of
the literature (100 cases). Rev Rhum Engl Ed 62:463-466
Weidner N, Bar RS, Weiss D, Strottmann MP (1985) Neo-
plastic pathology of oncogenic osteomalacia/rickets. Cancer
55:1691-1705

Drezner MK (2001) Tumor-induced osteomalacia. Rev Endocr
Metab Disord 2:175-186

Chong WH, Molinolo AA, Chen CC, Collins MT (2011) Tumor-
induced osteomalacia. Endocr Relat Cancer 18:R53-R77
Rendina D, Abate V, Cacace G, Elia L, De Filippo G, Del
Vecchio S, Galletti F, Cuocolo A, Strazzullo P (2022) Tumor
induced osteomalacia: a systematic review and individual
patient's data analysis. J Clin Endocrinol Metab

Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann
TC, Mulrow CD, Shamseer L, Tetzlaff JM, Akl EA, Brennan
SE, Chou R, Glanville J, Grimshaw JM, Hrébjartsson A, Lalu
MM, Li T, Loder EW, Mayo-Wilson E, McDonald S, McGuin-
ness LA, Stewart LA, Thomas J, Tricco AC, Welch VA, Whit-
ing P, Moher D (2021) The PRISMA 2020 statement: an
updated guideline for reporting systematic reviews. PLoS Med
18:e1003583

Moorjani R, Shaw DG (1976) Feuerstein and Mims syndrome
with resistant rickets. Pediatr Radiol 5:120-122

Carey DE, Drezner MK, Hamdan JA (1986) Hypophosphatemic
rickets/osteomalacia in linear sebaceous nevus syndrome: a vari-
ant of tumor-induced osteomalacia. J Pediatr 109:994—-1000
Saville PD, Nassim JR, Stevenson FH, Mulligan L, Carey M
(1955) Osteomalacia in Von Recklinghausen’s neurofibromatosis;
metabolic study of a case. Br Med J 1:1311-1313

@ Springer


https://doi.org/10.1007/s00223-022-01005-8
http://creativecommons.org/licenses/by/4.0/

378

A.Bosman et al.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Konishi K, Nakamura M, Yamakawa H, Suzuki H, Saruta T,
Hanaoka H, Davatchi F (1991) Hypophosphatemic osteoma-
lacia in von Recklinghausen neurofibromatosis. Am J Med Sci
301:322-328

Dent CE, Gertner JM (1976) Hypophosphataemic osteomalacia
in fibrous dysplasia. Q J Med 45:411-420

Dutta S, Bagga A (1999) McCune Albright syndrome and
hypophosphatemic rickets. Indian J Pediatr 66:628-631

Rao DS, Parfitt AM, Villanueva AR, Dorman PJ, Kleerekoper M
(1987) Hypophosphatemic osteomalacia and adult Fanconi syn-
drome due to light-chain nephropathy. Another form of oncog-
enous osteomalacia. Am J Med 82:333-338

Narvaez J, Domingo-Domenech E, Narvaez JA, Nolla JM, Val-
verde J (2005) Acquired hypophosphatemic osteomalacia associ-
ated with multiple myeloma. Jt Bone Spine 72:424-426

Chua SC, O’Connor SR, Wong WL, Ganatra RH (2008) Case
report: solitary plasmacytoma of bone with oncogenic osteo-
malacia: recurrence of tumour confirmed by PET/CT. A case
report with a review of the radiological literature. Br J Radiol
81:e110-114

Walton RJ, Bijvoet OL (1975) Nomogram for derivation of renal
threshold phosphate concentration. Lancet 2:309-310
Wesseling-Perry K (2011) FGF23: is it ready for prime time? Clin
Chem 57:1476-1477

Fontanarosa P, Christiansen S (2007) Units of measure. In: Press
OU (ed) AMA manual of style: a guide for authors and editors.
Oxford University Press, New York, pp 787-820

Folpe AL, Fanburg-Smith JC, Billings SD, Bisceglia M, Bertoni
F, Cho JY, Econs MJ, Inwards CY, de Beur SMJ, Mentzel T,
Montgomery E, Michal M, Miettinen M, Mills SE, Reith JD,
O’Connell JX, Rosenberg AE, Rubin BP, Sweet DE, Vinh TN,
Wold LE, Wehrli BM, White FKE, Zaino RJ, Weiss SW (2004)
Most osteomalacia-associated mesenchymal tumors are a single
histopathologic entity—an analysis of 32 cases and a comprehen-
sive review of the literature. Am J Surg Pathol 28:1-30

Nuovo MA, Dorfman HD, Sun CC, Chalew SA (1989) Tumor-
induced osteomalacia and rickets. Am J Surg Pathol 13:588-599
Jan de Beur SM (2005) Tumor-induced osteomalacia. JAMA
294:1260-1267

Minisola S, Peacock M, Fukumoto S, Cipriani C, Pepe J, Tella
SH, Collins MT (2017) Tumour-induced osteomalacia. Nat Rev
Dis Primers 3:17044

Shah R, Lila AR, Ramteke-Jadhav S, Patil V, Mahajan A, Son-
awane S, Thadani P, Dcruz A, Pai P, Bal M, Kane S, Shah N,
Bandgar T (2019) Tumor induced osteomalacia in head and neck
region: single center experience and systematic review. Endocr
Connect 8:1330-1353

Nawrot-Wawrzyniak K, Varga F, Nader A, Roschger P, Sieghart
S, Zwettler E, Roetzer KM, Lang S, Weinkamer R, Klaushofer K,
Fratzl-Zelman N (2009) Effects of tumor-induced osteomalacia
on the bone mineralization process. Calcif Tissue Int 84:313-323
Shane E, Parisien M, Henderson JE, Dempster DW, Feldman F,
Hardy MA, Tohme JF, Karaplis AC, Clemens TL (1997) Tumor-
induced osteomalacia: clinical and basic studies. J Bone Miner
Res 12:1502-1511

Jerkovich F, Nuifiez S, Mocarbel Y, Pignatta A, Elias N, Cassinelli
H, Diaz AG, Vigovich C, Balonga MC, Cohen AC, Mumbach
G, Gonzalez S, Zanchetta JR, Zanchetta MB (2020) Burden of
disease in patients with tumor-induced osteomalacia. JBMR plus
5:e10436-e10436

Colangelo L, Pepe J, Nieddu L, Sonato C, Scillitani A, Diacinti
D, Angelozzi M, Cipriani C, Minisola S (2020) Long-term bone
mineral density changes after surgical cure of patients with tumor-
induced osteomalacia. Osteoporosis Int

Zanchetta MB, Jerkovich F, Nufiez S, Mocarbel Y, Pignatta A,
Elias N, Diaz AG, Roganovich JM, Vigovich C, Balonga MC,

@ Springer

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Cohen AC, Mumbach G, Gonzalez S, Plantalech L, Fradinger E,
Zanchetta JR (2021) Impaired bone microarchitecture and strength
in patients with tumor-induced osteomalacia. ] Bone Miner Res
36:1502-1509

Feng J, Jiang Y, Wang O, Li M, Xing X, Huo L, Li F, Yu W,
Zhong DR, JinJ, Liu Y, Qi F, Lv W, Zhou L, Meng XW, Xia WB
(2017) The diagnostic dilemma of tumor induced osteomalacia:
a retrospective analysis of 144 cases. Endocr J 64:675-683
Dabhir K, Zanchetta MB, Stanciu I, Robinson C, Lee JY, Dhaliwal
R, Charles J, Civitelli R, Roberts MS, Krolczyk S, Weber T (2021)
Diagnosis and management of tumor-induced osteomalacia: per-
spectives from clinical experience. J Endocr Soc 5:bvab099

Pal R, Bhadada SK, Singhare A, Bhansali A, Kamalanathan S,
Chadha M, Chauhan P, Sood A, Dhiman V, Sharma DC, Saikia
UN, Chatterjee D, Agashe V (2019) Tumor-induced osteomalacia:
experience from three tertiary care centers in India. Endocr Con-
nect 8:266-276

Endo I, Fukumoto S, Ozono K, Namba N, Tanaka H, Inoue D,
Minagawa M, Sugimoto T, Yamauchi M, Michigami T, Matsu-
moto T (2008) Clinical usefulness of measurement of fibroblast
growth factor 23 (FGF23) in hypophosphatemic patients: pro-
posal of diagnostic criteria using FGF23 measurement. Bone
42:1235-1239

Carpenter TO, Ellis BK, Insogna KL, Philbrick WM, Sterpka
J, Shimkets R (2005) Fibroblast growth factor 7: an inhibitor of
phosphate transport derived from oncogenic osteomalacia-causing
tumors. J Clin Endocrinol Metab 90:1012-1020

Berndt TJ, Bielesz B, Craig TA, Tebben PJ, Bacic D, Wagner
CA, O’Brien S, Schiavi S, Biber J, Murer H, Kumar R (2006)
Secreted frizzled-related protein-4 reduces sodium-phosphate
co-transporter abundance and activity in proximal tubule cells.
Pflugers Archiv-Eur J Physiol 451:579-587

Imel EA, Peacock M, Pitukcheewanont P, Heller HJ, Ward
LM, Shulman D, Kassem M, Rackoff P, Zimering M, Dalkin
A, Drobny E, Colussi G, Shaker JL, Hoogendoorn EH, Hui SL,
Econs MJ (2006) Sensitivity of fibroblast growth factor 23 meas-
urements in tumor-induced osteomalacia. J Clin Endocrinol Metab
91:2055-2061

Riminucci M, Collins MT, Fedarko NS, Cherman N, Corsi A,
White KE, Waguespack S, Gupta A, Hannon T, Econs MJ, Bianco
P, Gehron Robey P (2003) FGF-23 in fibrous dysplasia of bone
and its relationship to renal phosphate wasting. J Clin Invest
112:683-692

Bhan I, Shah A, Holmes J, Isakova T, Gutierrez O, Burnett SA,
Jueppner H, Wolf M (2006) Post-transplant hypophosphatemia:
Tertiary “hyper-phosphatoninism”? Kidney Int 70:1486—-1494
Schouten BJ, Doogue MP, Soule SG, Hunt PJ (2009) Iron poly-
maltose-induced FGF23 elevation complicated by hypophospha-
taemic osteomalacia. Ann Clin Biochem 46:167-169

Shimizu Y, Tada Y, Yamauchi M, Okamoto T, Suzuki H, Ito N,
Fukumoto S, Sugimoto T, Fujita T (2009) Hypophosphatemia
induced by intravenous administration of saccharated ferric
oxide: another form of FGF23-related hypophosphatemia. Bone
45:814-816

Ichchou L, Rist S, Lespessailles E, Prie D, Benhamou CL (2013)
Reversible increase in FGF23 in a hypophosphatemic renal and
bone disease linked to antiviral therapy by adefovir. Jt Bone Spine
80:668-669

Winters R, Bihlmeyer S, McCahill L, Cooper K (2009) Phosphatu-
ric mesenchymal tumour-mixed connective tissue variant without
oncogenic osteomalacia. J Clin Pathol 62:760-761

Latifyan SB, Vanhaeverbeek M, Klastersky J (2014) Tumour-asso-
ciated osteomalacia and hypoglycaemia in a patient with prostate
cancer: is Klotho involved? BMJ Case Reports 2014



Tumor-Induced Osteomalacia: A Systematic Clinical Review of 895 Cases

379

53.

54.

55.

56.

Leaf DE, Pereira RC, Bazari H, Jiippner H (2013) Oncogenic
osteomalacia due to FGF23-expressing colon adenocarcinoma. J
Clin Endocrinol Metab 98:887-891

Chong WH, Andreopoulou P, Chen CC, Reynolds J, Guthrie L,
Kelly M, Gafni RI, Bhattacharyya N, Boyce AM, El-Maouche
D, Crespo DO, Sherry R, Chang R, Wodajo FM, Kletter GB,
Dwyer A, Collins MT (2013) Tumor localization and biochemical
response to cure in tumor-induced osteomalacia. J Bone Miner
Res 28:1386-1398

Li X, Jiang Y, Huo L, Wu H, Liu Y, Jin J, Yu W, Lv W, Zhou L,
Xia'Y, Wang O, Li M, Xing X, Chi Y, Jiajue R, Cui L, Meng X,
Xia W (2020) Nonremission and recurrent tumor-induced osteo-
malacia: a retrospective study. J Bone Miner Res 35:469-477
Aguirre LE, Colleran K, Kapsner P (2010) Tumor induced osteo-
malacia with no clinically apparent tumor. J Investig Med 58:119

57.

58.

Ito N, Shimizu Y, Suzuki H, Saito T, Okamoto T, Hori M, Aka-
hane M, Fukumoto S, Fujita T (2010) Clinical utility of systemic
venous sampling of FGF23 for identifying tumours responsible
for tumour-induced osteomalacia: letter to the editor. J Intern Med
268:390-394

Hoshino C, Satoh N, Sugawara S, Kuriyama C, Kikuchi A, Ohta
M (2008) Sporadic adult-onset hypophosphatemic osteomalacia
caused by excessive action of fibroblast growth factor 23. Intern
Med 47:453-457

Publisher's Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Tumor-Induced Osteomalacia: A Systematic Clinical Review of 895 Cases
	Abstract
	Introduction
	Methods
	Data Sources and Searches
	Study Selection
	Data Extraction
	Statistical Analysis

	Results
	Demographic Data
	Biochemical Data
	Tumor Characteristics
	Clinical Characteristics
	Treatment

	Discussion
	Acknowledgements 
	References




