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Abstract Giant cell tumor of bone (GCTB) is a rare
primary bone tumor that primarily affects young adults, but
can be seen in children. The primary modality of treatment
is surgical resection; however, this is not always possible
given the location and extent of the neoplasm. Recent
developments in the understanding of the underlying
molecular pathogenesis of disease have pointed to inter-
actions between the stromal component producing receptor
activator of nuclear factor-kappaB (RANK) and RANK-
ligand (RANKL) causing the formation of osteoclast-like
giant cells that drive bone destruction. The development of
a monoclonal humanized antibody to RANKL, denosumab,
has been shown to reduce skeletal-related events from
osteoporosis and from bony metastases from solid tumors.
Recent phase II clinical trials with denosumab in skeletally
mature adolescents over age 12 years and adults with
GCTB, have shown both safety and efficacy, leading to its
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accelerated US FDA approval on 13 June 2013. In children
who are skeletally immature, safety and efficacy has not
been established, and there has been only published anec-
dotal use.

1 Introduction

Giant cell tumor of bone (GCTB) is a rare, generally
benign though locally aggressive primary neoplasm of
bone, characteristically showing osteolytic activity [1]. The
definitive therapy for GCTB is surgery; however, only
about 80 % of GCTB are treated with surgical excision and
this may be associated with morbidity and recurrence [2].
Though primarily seen in adults (subjects >18 years old
who have reached skeletal maturity), GCTB can be seen in
children and adolescents, posing additional problems in
those patients who have yet to reach skeletal maturity [3].
This review summarizes the available data on GCTB in
skeletally mature children and adolescents, our current
understanding derived from the treatment of adult GCTB,
molecular pathogenesis of disease, novel therapeutic tar-
gets (i.e. denosumab), and summarizes the clinical trials
that have led to the recent US Food and Drug Adminis-
tration (FDA) approval of denosumab in the treatment of
this disease.

2 Epidemiology

GCTB makes up about 5 % of all primary bone tumors in
the USA. In Asia, GCTB is considerably more common,
representing approximately 20 % of all primary bone
tumors [4]. The reason for this increase in incidence in the
Asian population is not known. GCTB is a tumor of young
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adults, presenting between 20 and 40 years of age. The
most common sites of presentation in adults are at the
epiphyses of long bones. In the pediatric population, GCTB
is not as common, making up roughly 2-5 % of all reported
GCTB cases [5, 6] and predominates in adolescence (age
13-19 years). In children, the most common site of disease
is in the proximal tibia, followed by axial skeletal lesions
such as in the vertebrae and pelvis [7] and originate more
commonly from a metaphyseal location rather than an
epiphyseal one as seen in older subjects. Younger patients
also have a higher incidence of multicentric disease. In
childhood and adolescence, GCTB seems to have a higher
female to male incidence [6, 7]. Although speculative, this
might be as a result of females reaching skeletal maturity
on average 2 years before males.

3 Clinical Presentation, Radiographic, and Pathologic
Features

The most common presenting symptom of GCTB in the
appendicular skeleton is pain accompanied by swelling,
deformity, and limited range of motion at the affected
extremity. In axial primary tumors, patients may present
with pain and neurological signs and symptoms from nerve
compression. Pathologic fracture is not uncommon at the
time of presentation; however, this is more frequently seen
in adults than in children [8].

Imaging is crucial for aiding in diagnosis and for eval-
uating extent of disease. Plain film radiography can show
either a geographic or permeative lytic lesion involving the
epi-metaphyseal region with cortical thinning and usually
lacking a sclerotic rim. Expansion of the bone may occur if
a secondary aneurysmal bone cyst is present; this is seen in
approximately 20-30 % of GCTB. Aggressive periosteal
reaction is seldom seen (Fig. 1). As mentioned, a patho-
logic fracture may also be present [9]. Gross pathology
generally shows a hemorrhagic, lobulated mass eroding
bone. Histologically, GCTB is a heterogeneous tumor
composed of stromal cells and multinucleated giant cells
(Fig. 2) that express CD68, CD163 and other markers
consistent with true mature osteoclasts such as receptor
activator of nuclear factor-kappaB (RANK), the calcitonin
receptor, and o(v)B(3) integrin [10, 11].

4 Molecular Pathogenesis of Disease

Over the last 2 decades there has been great progress made
in the overall understanding of the molecular pathogenesis
of GCTB, primarily due to the discovery of RANK ligand
(RANKL). RANKL is a membrane-bound member of the
tumor necrosis factor (TNF) family; it is required for
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osteoclast formation, mediates osteoclast activation, and is
highly expressed by the stromal cells of GCTB [12]. It is
thus thought that the stromal cellular component and not
the giant cell component is the true influence on neoplastic
growth. RANKL, which is highly expressed on stromal
cells, binds to RANK, which is highly expressed on
monocytes, promoting cellular fusion of the monocytes,
osteoclastogenesis, and formation of giant cells that are
capable of bone resorption (Fig. 3) [13]. However, the
underlying etiology of increased RANKL expression in
stromal cells leading to giant cell formation and bone
resorption is not completely understood.

Other factors that have been implicated in the patho-
genesis of GCTB suggest a role for chemotaxis, hypoxia,
and angiogenesis. Stromal cell-derived factor (SDF)-1,
hypoxia inducible factor (HIF)-1-alpha, and vascular
endothelial growth factor (VEGF) are expressed by the
stromal cellular component of GCTB and appear to also be
drivers of monocyte recruitment, osteoclast formation, and
bone resorption in GCTB [13, 14].

5 Therapeutic Management

The gold standard of GCTB management is surgery. This
can be accomplished via en bloc excision with recon-
struction or extended intralesional curettage followed by
filling the defect with a bone substitute (i.e. bone cement or
bone graft) (Fig. 1). Mechanical, chemical, and thermal
adjuvants are often used in combination with intralesional
procedures to reduce the risk of local recurrence [15-17].
The recurrence rates, though variable across published
data, are generally lower for wide local resection than for
intralesional surgery; in one larger study, recurrence rates
were 5 vs. 25 %, respectively, with an improvement with
the addition of polymethylmethacrylate to the intralesional
curettage group [18].

Clearly, the surgical approach depends on the site of
disease, proximity to the joint space, the presence of soft
tissue extension, pathologic facture and potential long-term
functional deficits. This is particularly true in children who
may not have reached skeletal maturity where en bloc
excision can be associated with long-term skeletal devel-
opmental problems and functional deficits. Furthermore, in
children, the higher incidence of axial skeletal primaries
increases the likelihood of tumors that are not amenable to
en bloc excision or intralesional curettage.

Radiation has been used as a means of local control,
primarily in adult patients with GCTB that are not resect-
able, without significant morbidity [19]. The local control
rates have been favorable, averaging about 75 % across
series; however, there is a small though not insignificant
long-term risk of development of a radiation-associated



Giant Cell Tumor of Bone in Childhood

23

Fig. 1 Plain film radiographic
appearance of GCTB in the
distal femur of an 18 year old
shows a AP view and b lateral
view showing a subarticular
geographic destructive process
in the distal femur with
expanded, thinned, and irregular
cortex with adjacent soft tissue
edema. ¢ AP view post-
curettage,
polymethylmethacrylate bone
cementing, and rod placement.
AP anteroposterior, GCTB giant
cell tumor of bone
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Fig. 2 a Histology sections show abundant multinucleated giant cells (arrow) and admixed ovoid stromal cells. The stromal cells are uniform,
with scattered typical mitoses. b Characteristic multinucleated giant cell in giant cell tumor of bone containing >30 nuclei

sarcoma [20, 21]. The standard for radiation treatment is
now with intensity modulated radiation therapy, but newer
modalities such as proton therapy and stereotactic beam
radiotherapy may improve the outcomes while limiting
radiation doses to normal tissues. In children, radiation
therapy as a means of local control of GCTB is generally
not used unless other modes are impossible or have failed.
This is because of the long-term risks from radiation,
particularly in the pediatric population.

In children, the sacrum and spine are special sites of
GCTB that bear separate discussion, as these sites may not
be amenable to complete surgical excision. Generally,
these sites are approached with intralesional curretage with
polymethylmethacrylate cementing and cryotherapy,
though historically these sites carry high recurrence rates
[22, 23]. Serial sacral artery embolization is a local control
method that can be successful and is gaining wider use for
these larger sacral primary tumors [24, 25].

Systemic chemotherapy, primarily with anthracycline/
alkylating agent bone and soft tissue sarcoma-based regi-
mens, have been used in GCTB, particularly malignant
GCTB [26, 27]. However, the utility of systemic chemo-
therapy in unresectable GCTB is really unproven and
clearly has significant toxicity. Other systemic therapies
such as interferon and bisphosphonates have been admin-
istered with some reports of disease stability and pain
relief, though again these therapies are not considered
standard [28, 29].

6 Novel Therapeutics
The above-mentioned finding of increased RANKL
expression in the stromal cellular compartment of GCTB,

and the hypothesis that this is the driving factor behind
RANK-expressing osteoclast-like giant cells in GCTB,
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Fig. 3 Putative molecular pathogenesis of giant cell tumor of bone
and mechanism of action of denosumab. RANKL, which is highly
expressed on stromal cells binds to RANK, which is highly expressed
on monocyte precursors, promoting cellular fusion of the monocyte
precursors, osteoclastogenesis, and formation of giant cells that are
capable of bone resorption. Denosumab, a humanized (Ig)G2
monoclonal antibody to RANKL competitively binds to RANKL,
and thereby inhibits the formation and bone destructive activity of the
osteoclast-like giant cells. /G immunoglobulin, RANK receptor
activator of nuclear factor-kappaB, RANKL RANK-ligand

made way for potential therapeutics targeted to RANKL.
Further supporting the targeting of RANKL in GCTB was
that this strategy was used successfully in other conditions
with increased bone destruction, namely osteoporosis and
bone metastases [30]. The fully humanized immunoglob-
ulin (Ig)G2 monoclonal antibody against RANKL, deno-
sumab (Amgen), was shown to reduce skeletal-related
events from bone metastases in breast cancer, prostate
cancer, multiple myeloma, and other cancers [31-33].
Denosumab was approved by the US FDA for postmeno-
pausal osteoporosis in June 2010 under the brandname
Prolia® given every 6 months, and subsequently approved
under the name Xgeva® for the prevention of skeletal-
related events in patients with bone metastases from solid
tumors, where 120 mg is administered subcutaneously
every 4 weeks [34].

It was thus thought that denosumab could inhibit
osteoclast-like giant cells in GCTB and reduce bone
resorption in a similar fashion (see Fig. 3 for putative
mechanism of action in GCTB). This set the stage for an
open-label, single-arm, proof-of-concept phase II trial of
denosumab in patients with GCTB conducted by Thomas
et al. [35] and described here. In this multicenter, inter-
national trial, 37 adult patients (age >18 years) with un-
resectable or recurrent GCTB were enrolled to receive
denosumab 120 mg subcutaneously every 28 days with
additional loading doses at day 8 and 15 in the first month
of treatment. The primary endpoint of this study was tumor
response, measured by elimination of >90 % of the giant
cells on post-treatment biopsy pathology or no radiological
progression at 25 weeks. Of the 35 subjects, 30 (86 %) had
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a tumor response (two subjects were excluded for insuffi-
cient data). Although the study was not designed to eval-
uate pain and quality of life, >80 % of patients did report
improvement in symptoms or overall function. Histopa-
thologically, all of the 20 patients who had post-treatment
tumor biopsies had >90 % reduction of tumor RANK-
positive giant cells and RANKL stromal cells. Of the 20
patient histopathological samples, 13 also showed new
bone formation and/or dense fibro-osseous tissue replacing
the proliferative RANKL stromal component [36]. In this
phase II clinical trial, denosumab was well tolerated. There
were five serious adverse events reported, but none were
deemed related to the drug. Of note, there were no reported
cases of osteonecrosis of the jaw (ONJ); however, the
smaller sample size and low incidence rate of ONJ with
denosumab (1-2 %) may explain the absence of reported
cases in this trial. The potential ramifications of ONJ in
childhood are particularly important, so extensive coun-
seling prior to treatment, with a careful dental exam and
recommendations for oral hygiene with appropriate pre-
ventive dentistry, should be performed [37].

From this small proof-of-concept trial, denosumab was
heralded as a potential breakthrough in GCTB; however,
criticisms included the short follow-up period in the afore-
mentioned phase II trial (25 weeks), the lack of primary
surgical local control information on the recurrent cases, and
the subjective nature of the inclusion criteria definition of
‘unresectable’ disease [38]. That said, RANKL inhibition by
denosumab was clearly a promising systemic strategy in adult
patients with recurrent or unresectable GCTB. In many ways,
the phase Il trial raised many more questions than it answered
about the appropriate use of denosumab in GCTB.

This afore-mentioned trial set the stage for the largest
therapeutic study of GCTB to date, an open-label, multi-
center, phase II study of denosumab in subjects with GCTB
(NCT00680992), which has been completed. Here the age
inclusion criteria was extended to include skeletally mature
adolescents (>12 years old, weight >45 kg) and adults.
Skeletal maturity was defined as at least one long bone with
a closed epiphyseal growth plate. In this clinical trial,
patients with GCTB were stratified into two primary arms
with a third extension arm: Cohort 1 included those
patients with unresectable GCTB; Cohort 2 included
resectable GCTB where salvage surgery was planned; and
Cohort 3 an open-label extension of the patients transfer-
ring over from the previous phase II trial (NCT00396279).
The primary objective for this study was to continue to
examine the safety profile of denosumab with secondary
objectives of time to disease progression in cohort 1, and
the proportion of subjects who did not have any surgery at
6 months from treatment start in cohort 2. The dosing of
denosumab was consistent with the prior phase II study,
with subcutaneous denosumab 120 mg every 28 days with
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additional loading doses at day 8 and 15 of the first month
of treatment [39, 40].

In the recently published interim results of this trial, 282
patients (ages 13-83 years) have been enrolled and the
results are striking. Denosumab was well tolerated overall,
with commonly reported non-serious adverse events:
arthralgia, headache, nausea, and musculoskeletal pain.
Hypocalcemia deemed to be non-serious was also reported
in 5 % of patients. Three patients (1 %) did have ONJ,
which is in keeping with current estimates of the incidence
of ONJ with denosumab. Of 169 patients in cohort 1, 163
(96 %) had no disease progression. In cohort 2, 71 of the
100 subjects had surgery planned at baseline, 64 (90 %) of
these patients did not undergo surgery at the 6-month
evaluation point, and at the analysis cut-off, 74 % had still
had no surgery and 16 % had undergone a less morbid
procedure than planned upfront [39].

Clinical benefit with improved mobility and function
was seen in about 20 % of cohort 1 (those who were
deemed unresectable) and 30 % of cohort 2 (resectable
with planned surgery) [35]. Pain and analgesic use was also
studied in this trial. Interestingly, 31 % of subjects reported
meaningful improvement of pain within the first week of
receiving denosumab, and 42 % of the patients with
moderate to severe pain at baseline improved to no or mild
pain; about 20 % had worsening pain through the course of
the study. Of note, several patients also decreased analgesic
use from strong opioids to no or low analgesic use [41].

Objective responses as defined by modified Response
Evaluation Criteria in Solid Tumors (RECIST), inverse
Choi criteria, and European Organisation for Research and
Treatment of Cancer (EORTC) criteria were seen in 72 %
of patients; 25 patients had a complete response (eight in
cohort 1 and 17 in cohort 2). Median time to objective
tumor response was 3 months, and about half of the
patients had a response duration of >8 months, with two

Fig. 4 Imaging response to
denosumab in a 13-year-old
female with recurrent cervical
GCTB. a Computed
tomography images pre-
denosumab and b post-
denosumab therapy shows
extensive osseous
mineralization at the site of the
GCTB in the C6-7 vertebrae.
GCTB giant cell tumor of bone

patients going on to progression of disease after an initial
response [39].

Safety data from both phase II clinical trials of denosumab
in GCTB showed that, in the 304 adolescent and adult
patients, the most common adverse events reported in >10 %
were headaches, arthralgia, fatigue, and back and extremity
pain. Serious adverse events, ONJ, and osteomyelitis were
reported in 0.7 % and resulted in discontinuation of the drug.
Both moderate hypocalcemia (2.6 %) and severe hypo-
phosphatemia (9.5 %) were not uncommon laboratory
findings [35, 37]. Of the six evaluable skeletally mature
adolescents who were enrolled on the trial, two had an
objective response by RECIST criteria [37]. As an example,
in one 13-year-old patient with a large recurrent cervical
GCTB who was enrolled in the phase II denosumab clinical
trial, imaging pre and post 3 years of denosumab treatment
has shown dramatic osseous mineralization of the C6-7
vertebra at the original site of the tumor (see Fig. 4). The
toxicity profile appeared similar in the ten skeletally mature
pediatric patients; however, the small sample size makes it
hard to assess its overall safety and pharmacokinetics.

Because denosumab is only recently FDA approved in
skeletally mature adolescents with GCTB, its published use
in the skeletally immature pediatric population is limited to
case reports and small case series. Denosumab has been
administered in children with osteogenesis imperfecta type
VI (OI-VI). The rational for denosumab use in this popula-
tion is that mutations in SERPINF1 in OI-VI lead to acti-
vation of osteoclasts via the RANK/RANKL pathway.
Denosumab was administered to four children with OI-VIin
doses of 1 mg/kg subcutaneously every 3 months. Although
a small case series, the drug was well tolerated and showed
reversible inhibition of bone resorption [42]. Denosumab
(0.13 and 0.27 mg/kg subcutaneously) has also been repor-
ted to reduce severe hypercalcemia in two young children
post-hematopoietic ~ stem  cell transplantation for
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osteopetrosis [43]. Finally, denosumab has been reported
with benefit in children with extensive fibrous dysplasia of
bone and recurrent vertebral aneurysmal bone cysts [44, 45].
Still, there is a dearth of safety, efficacy, and toxicity infor-
mation in the skeletally immature pediatric population.

In childhood skeletally immature GCTB, a case was
reported of a 10-year-old girl with metastatic GCTB
(patella primary with lung and subcutaneous metastases)
who was treated with denosumab per the phase II trial
dosing by Thomas et al. Similar to the adolescent and adult
patients in the phase II trial, she had a dramatic improve-
ment in pain and quality of life. Pathology from the patellar
resection post-treatment showed a paucity of giant cells
and new bone production. This patient did require vitamin
D, calcium, and phosphorus supplementation for the
development of hypocalcemia and hypophosphatemia
secondary to denosumab treatment. As an interesting
caveat in treating the skeletally immature, this patient did
have normal growth velocity during treatment, though
developed increased total bone mineral density perhaps as
an adverse effect to denosumab as it portends an increased
risk of potential later fracture [46].

Obviously, there is relatively little that can be inferred
from these single case reports except that more systematic
exploration of denosumab in children in the context of
clinical trials should be performed. However, larger ques-
tions continue to exist and will likely remain unanswered in
the near future regarding the duration of denosumab
treatment, optimal dose schedule, late effects of therapy,
and whether its use really can facilitate surgical local
control. These same questions exist in the pediatric popu-
lation, as do the more worrisome issues of acute toxicities
to skeletal development and overall growth as well as late
effects on the skeleton and other organs. Denosumab in
utero exposure in monkeys resulted in marked develop-
mental defects such as absence of some lymph node chains,
bone defects, tooth mal-alignment, and hematopoietic
abnormalities [37]. Moreover, in small children, the phar-
macodynamics and pharmacokinetics of denosumab are
not known. Because of the risk of hypocalcemia in adults
with denosumab, current prescribing information from the
manufacturer recommends concomitant calcium 1 g and
vitamin D 4,000 p daily. Recommendations for calcium
and vitamin D supplementation in smaller children
receiving denosumab should be straightforward, but
guidelines will also need to be established.

7 Conclusion
GCTB is a rare and aggressive bone tumor that is most

often seen in young adults and has metastatic potential. In
children, GCTB predominates in later adolescence though
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can be seen in the skeletally immature. In children, treat-
ment for GCTB has primarily been surgical, but axial
skeletal locations, primarily in the sacrum and pelvis, can
make surgery impossible; moreover, significant morbidity
and local recurrences after intralesional excisions are not
uncommon. A variety of other local and systemic therapies
have been utilized, but with varying degrees of success.
More recently, there has been elucidation of the underlying
molecular pathogenesis of disease in GCTB involving
RANK/RANKL driving the osteoclast-like giant cell pro-
liferation and aggressive bony destruction associated with
this disease. Denosumab, a human monoclonal antibody
that is a competitive RANKL antagonist has had remark-
able results in recent phase II trials, resulting in US FDA
approval as of 13 June 2013 in adults and skeletally mature
adolescents with GCTB that is unresectable or where sur-
gical resection is likely to result in severe morbidity. In this
capacity, denosumab can and should be used now, both in
those patients with unresectable GCTB and in those in
whom neoadjuvant use may avoid surgery altogether or
make surgical resection more feasible and potentially less
morbid. Looking forward, hopefully we can extend this
therapy to younger GCTB patients with few options for
management. Larger questions do remain about the long-
term effects of denosumab therapy in children regarding
skeletal development, risk of ONJ, and other potentially
unforeseen late complications. Clearly, the results from the
recent trials of denosumab in GCTB warrant further sys-
tematic investigation in clinical trials in the pediatric
population, particularly in the skeletally immature.

Acknowledgements and Conflict of Interest Disclosure Dr. Fe-
derman is supported by a St. Baldrick’s Foundation Career Devel-
opment Award. Dr. Chawla has been an advisory board member for
and has received corporate sponsored research from Amgen. Dr.
Brien, Dr. Narasimhan, Dr. Dry and Dr. Sodhi report no conflicts of
interest. No sources of funding were used for the writing of this
article.

References

1. Coopers AS, Travers B. Surgical essays. London: Cox Longman
and Co.; 1818.

2. Turcotte RE. Giant cell tumor of bone. Orthop Clin N Am.
2006;37(1):35-51.

3. Larsson SE, Lorentzon R, Boquist L. Giant-cell tumor of bone. A
demographic, clinical, and histopathological study of all cases
recorded in the Swedish Cancer Registry for the years 1958
through 1968. J Bone Jt Surg Am. 1975;57(2):167-73.

4. Thomas DM, Skubitz KM. Giant cell tumour of bone. Curr Opin
Oncol. 2009;21(4):338-44.

5. Kransdorf MJ, Sweet DE, Buetow PC, Giudici MA, Moser RP Jr.
Giant cell tumor in skeletally immature patients. Radiology.
1992;184(1):233-7.

6. Picci P, Manfrini M, Zucchi V, Gherlinzoni F, Rock M, Bertoni
F, et al. Giant-cell tumor of bone in skeletally immature patients.
J Bone Jt Surg Am. 1983;65(4):486-90.



Giant Cell Tumor of Bone in Childhood

27

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

. Schutte HE, Taconis WK. Giant cell tumor in children and

adolescents. Skelet Radiol. 1993;22(3):173-6.

. Campanacci M, Baldini N, Boriani S, Sudanese A. Giant-cell

tumor of bone. J Bone Jt Surg Am. 1987;69(1):106—14.

. Murphey MD, Nomikos GC, Flemming DJ, Gannon FH, Temple

HT, Kransdorf MJ. From the archives of the AFIP—imaging of giant
cell tumor and giant cell reparative granuloma of bone: radiologic-
pathologic correlation. Radiographics. 2001;21(5):1283-309.

Mii Y, Miyauchi Y, Morishita T, Miura S, Honoki K, Aoki M,
et al. Osteoclast origin of giant-cells in giant-cell tumors of
bone—ultrastructural and cytochemical study of 6 cases. Ultra-
struct Pathol. 1991;15(6):623-9.

Atkins GJ, Kostakis P, Vincent C, Farrugia AN, Houchins JP,
Findlay DM, et al. RANK expression as a cell surface marker of
human osteoclast precursors in peripheral blood, bone marrow, and
giant cell tumors of bone. J Bone Miner Res. 2006;21(9):1339-49.
Morgan T, Atkins GJ, Trivett MK, Johnson SA, Kansara M,
Schlicht SL, et al. Molecular profiling of giant cell tumor of bone
and the osteoclastic localization of ligand for receptor activator of
nuclear factor kappa B. Am J Pathol. 2005;167(1):117-28.
Cowan RW, Singh G. Giant cell tumor of bone: a basic science
perspective. Bone. 2013;52(1):238-46.

Knowles HJ, Athanasou NA. Hypoxia-inducible factor is
expressed in giant cell tumour of bone and mediates paracrine
effects of hypoxia on monocyte-osteoclast differentiation via
induction of VEGF. J Pathol. 2008;215(1):56-66.

Gitelis S, Mallin BA, Piasecki P, Turner F. Intralesional excision
compared with en-bloc resection for giant-cell tumors of bone.
J Bone Jt Surg Am Vol. 1993;75A(11):1648-55.

Raskin KA, Schwab JH, Mankin HJ, Springfield DS, Hornicek
FJ. Giant cell tumor of bone. J Am Acad Orthop Sur.
2013;21(2):118-26.

Gouin F, Dumaine V, the French Sarcoma and Bone Tumor
Study Groups (GSF-GETO). Local recurrence after curettage
treatment of giant cell tumors in peripheral bones: retrospective
study by the GSF-GETO (French Sarcoma and Bone Tumor
Study Groups). Orthop Traumatol Surg Res. Epub 2013 Aug 23.
Klenke FM, Wenger DE, Inwards CY, Rose PS, Sim FH. Giant
cell tumor of bone risk factors for recurrence. Clin Orthop Relat
Res. 2011;469(2):591-9.

. Feigenberg SJ, Marcus RB, Zlotecki RA, Scarborough MT,

Berrey BH, Enneking WF. Radiation therapy for giant cell tumors
of bone. Clin Orthop Relat R. 2003;(411):207-16.

Shi W, Indelicato DJ, Morris CG, Scarborough MT, Gibbs CP,
Mendenhall WM, et al. Radiotherapy in the management of giant
cell tumor of bone. Int J Radiat Oncol. 2010;78(3):S616-7.
Caudell JJ, Ballo MT, Zagars GK, Lewis VO, Weber KL, Lin PP,
et al. Radiotherapy in the management of giant cell tumor of
bone. Int J Radiat Oncol. 2003;57(1):158-65.

Thangaraj R, Grimer RJ, Carter SR, Stirling AJ, Spilsbury J,
Spooner D. Giant cell tumour of the sacrum: a suggested algo-
rithm for treatment. Eur Spine J. 2010;19(7):1189-94.

Shen CC, Li H, Shi ZL, Tao HM, Yang ZM. Current treatment of
sacral giant cell tumour of bone: a review. J Int Med Res.
2012;40(2):415-25.

Balke M, Streitbuerger A, Budny T, Henrichs M, Gosheger G,
Hardes J. Treatment and outcome of giant cell tumors of the
pelvis 20 cases followed for 1 to 11 years. Acta Orthop.
2009;80(5):590-6.

Lin PP, Guzel VB, Moura MF, Wallace S, Benjamin RS, Weber
KL, et al. Long-term follow-up of patients with giant cell tumor
of the sacrum treated with selective arterial embolization. Cancer.
2002;95(6):1317-25.

Ashraf MS, Gururangan S, Breatnach F. Benign giant cell tumour
of bone in a child with pulmonary metastases at presentation. Eur
J Surg Oncol. 1994;20(6):700-2.

217.

28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Skubitz KM, Manivel JC. Giant cell tumor of the uterus: case
report and response to chemotherapy. BMC Cancer. 2007;7:46.
Balke M, Campanacci L, Gebert C, Picci P, Gibbons M, Taylor
R, et al. Bisphosphonate treatment of aggressive primary, recur-
rent and metastatic giant cell tumour of bone. BMC Cancer.
2010;10:462.

Wei F, Liu XG, Liu ZJ, Jiang LA, Dang GT, Ma QJ, et al.
Interferon alfa-2b for recurrent and metastatic giant cell tumor of
the spine report of two cases. Spine. 2010;35(24):E1418-22.
McClung MR, Lewiecki EM, Cohen SB, Bolognese MA,
Woodson GC, Moffett AH, et al. Denosumab in postmenopausal
women with low bone mineral density. N Engl J Med.
2006;354(8):821-31.

Henry DH, Costa L, Goldwasser F, Hirsh V, Hungria V, Prausova
J, et al. Randomized, double-blind study of denosumab versus
zoledronic acid in the treatment of bone metastases in patients
with advanced cancer (excluding breast and prostate cancer) or
multiple myeloma. J Clin Oncol. 2011;29(9):1125-32.

Stopeck AT, Lipton A, Body JJ, Steger GG, Tonkin K, de Boer
RH, et al. Denosumab compared with zoledronic acid for the
treatment of bone metastases in patients with advanced breast
cancer: a randomized double-blind study. J Clin Oncol.
2010;28(35):5132-9.

Fizazi K, Carducci M, Smith M, Damiao R, Brown J, Karsh L,
et al. Denosumab versus zoledronic acid for treatment of bone
metastases in men with castration-resistant prostate cancer: a
randomised, double-blind study. Lancet. 2011;377(9768):813-22.
FDA. Highlights of prescribing information Xgeva (denosumab),
Amgen, Thousand Oaks, California. 2013.

. Thomas D, Henshaw R, Skubitz K, Chawla S, Staddon A, Blay

JY, et al. Denosumab in patients with giant-cell tumour of bone:
an open-label, phase 2 study. Lancet Oncol. 2010;11(3):275-80.
Branstetter DG, Nelson SD, Manivel JC, Blay JY, Chawla S,
Thomas DM, et al. Denosumab induces tumor reduction and bone
formation in patients with giant-cell tumor of bone. Clin Cancer
Res. 2012;18(16):4415-24.

Epstein MS, Ephros HD, Epstein JB. Review of current literature
and implications of RANKL inhibitors for oral health care pro-
viders. Oral Surg Oral Med Oral Pathol Oral Radiol. Epub 2012
Aug 15.

Balke M, Hardes J. Denosumab: a breakthrough in treatment of
giant-cell tumour of bone? Lancet Oncol. 2010;11(3):218-9.
Chawla S, Henshaw R, Seeger L, Choy E, Blay JY, Ferrari S,
et al. Safety and efficacy of denosumab for adults and skeletally
mature adolescents with giant cell tumour of bone: interim ana-
lysis of an open-label, parallel-group, phase 2 study. Lancet
Oncol. 2013;14(9):901-8.

Blay JY, Chawla S, Seeger L, Henshaw R, Choy E, Grimer R,
et al. Safety and efficacy of denosumab for giant cell tumor of
bone. Connective Tissue Oncology Society Meeting, Prague.
2012.

Broto JM Cleeland C, Skubitz K, Staddon A, Blum R, Dominkus
M, et al. The effects of denosumab on pain and analgesic use in
giant cell tumor of bone (GCTB): updated results from a phase 2
study. Connective Tissue Oncology Society Meeting, Prague.
2012.

Semler O, Netzer C, Hoyer-Kuhn H, Becker J, Eysel P, Schoenau
E. First use of the RANKL antibody denosumab in osteogenesis
imperfecta type VI. J Musculoskelet Neuronal Interact.
2012;12(3):183-8.

Shroff R, Beringer O, Rao K, Hofbauer LC, Schulz A. Denosu-
mab for post-transplantation hypercalcemia in osteopetrosis.
N Engl J Med. 2012;367(18):1766-7.

Boyce AM, Chong WH, Yao J, Gafni RI, Kelly MH, Chamber-
lain CE, et al. Denosumab treatment for fibrous dysplasia. J Bone
Miner Res. 2012;27(7):1462-70.

A\ Adis



28 N. Federman et al.

45. Lange T, Stehling C, Frohlich B, Klingenhofer M, Kunkel P, 46. Karras NA, Polgreen LE, Ogilvie C, Manivel JC, Skubitz KM,
Schneppenheim R, et al. Denosumab: a potential new and inno- Lipsitz E. Denosumab treatment of metastatic giant-cell tumor of

vative treatment option for aneurysmal bone cysts. Eur Spine J. bone in a 10-year-old girl. J Clin Oncol. 2013;31(12):e200-2.
2013;22(6):1417-22.

A\ Adis



	Giant Cell Tumor of Bone in Childhood: Clinical Aspects and Novel Therapeutic Targets
	Abstract
	Introduction
	Epidemiology
	Clinical Presentation, Radiographic, and Pathologic Features
	Molecular Pathogenesis of Disease
	Therapeutic Management
	Novel Therapeutics
	Conclusion
	Acknowledgements and Conflict of Interest Disclosure
	References


