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Abstract

Osteosarcoma, Ewing sarcoma, and rhabdomyosarcoma are the most common malignant musculoskeletal tumors in chil-
dren and adolescents. Today, most patients can be cured. Numerous factors have contributed to improved outcome for these
patients over the past several decades. These include multidisciplinary care involving oncologists, radiation oncologists,
surgeons, pathologists, and radiologists and enrollment of patients in clinical trials. Better understanding of molecular
mechanisms of disease have resulted in studies using molecular targets in addition to standard chemotherapeutic agents,
which hopefully will lead to better outcomes in the future. Moreover, new orthopedic techniques and devices as well as new
technologies in radiation oncology hold promise for better local control of primary tumors and the potential for fewer late
adverse effects. Despite this progress, patients must undergo lifelong follow-up for possible late effects of intense chemother-
apy and radiation therapy. We review the diagnosis, prognosis, staging, multidisciplinary therapy, new directions in therapy,
and long-term complications of treatment for these tumors. For this review, we searched MEDLINE using the terms
rhabdomyosarcoma, osteosarcoma, Ewing sarcoma, biology, and humans and limited the search to articles from 2000 to Sep-
tember 2011. Additional references found in these articles were utilized as appropriate, as well as references from the
background information in current therapeutic studies of the Children’s Oncology Group. The same database and time frame

were searched for articles written by leading authorities in the field.
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steosarcoma (OS), Ewing sarcoma/prim-

itive neuroectodermal tumor (ES/PNET),

and rhabdomyosarcoma (RMS) are the
most common musculoskeletal tumors of childhood
and adolescence. This article discusses advances in
the multidisciplinary management of these tumors
and reviews current understanding of some key bi-
ologic features with potential implications for future
therapy.

METHODS

We searched MEDLINE using the terms rhabdomyo-
sarcoma, osteosarcoma, Ewing sarcoma, biology, and hu-
mans and limited the search to articles from 2000 to
September 2011. Additional references found in these
articles were utilized as appropriate, as well as refer-
ences from the background information in current
therapeutic studies of the Children’s Oncology Group
(COG). The same database and time frame were
searched for articles written by leading authorities in
the field. Discussion in this review is restricted to arti-
cles pertinent to children and adolescents.

EPIDEMIOLOGY AND CLINICAL FEATURES

Osteosarcoma is the most common malignant bone
tumor in children and adolescents, with an inci-
dence of 4.4 per million." The peak age incidence is
in the second decade of life, with a smaller peak in
older adults. Ewing sarcoma/PNET is the second
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most common malignant bone tumor, with an inci-
dence of 2.9 per million,” and it also occurs in soft
tissues. Bone tumors commonly manifest with pain
and swelling in a bone or joint. Symptoms are often
attributed to sports injuries in active adolescents.
Night pain, systemic symptoms of fever and weight
loss, or failure of symptoms to resolve after several
weeks of conservative management should alert the
clinician to a more serious underlying cause and
prompt further investigation.

Rhabdomyosarcomas constitute more than half of
soft tissue sarcomas in children, with an incidence of
4.5 cases per million children and adolescents per
year.” Because RMS can occur at any site, its presenta-
tion depends on site of origin. For example, orbital
RMS may manifest as proptosis, bladder or pros-
tate RMS may manifest with urinary retention,
extremity RMS as a painless mass, and vaginal
RMS with vaginal bleeding, especially in a prepu-
bescent female.

BIOLOGY AND PATHOLOGY

Osteosarcoma

High-grade OS is most likely derived from mesen-
chymal stem cells with at least partial osteoblastic
lineage commitment, although the exact cell of ori-
gin is unclear.” Patients with hereditary retinoblas-
toma, Rothmund-Thomson syndrome, Li-Fraumeni
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ARTICLE HIGHLIGHTS

The most common malignant musculoskeletal tumors of childhood and
adolescence are osteosarcoma, Ewing sarcoma, and rhabdomyosarcoma.
With multimodality therapy, including chemotherapy and/or surgery
and radiotherapy, the majority of patients with nonmetastatic disease
can be expected to survive. Patients with metastatic disease have a
much worse prognosis.

Long-term sequelae of therapy, including second malignancy from ra-
diation and certain chemotherapeutic agents, infertility due to radio-
therapy and alkylating agents, cardiac toxicity from anthracyclines, and
other late effects, are common, making long-term monitoring of these
patients mandatory.

Understanding of molecular mechanisms and pathways of disease has
resulted in the development of studies exploring targeted therapies in
hopes of improving the outcome. Examples include inhibition of the
insulin-like growth factor pathway and inhibition of angiogenesis.

New techniques of radiation therapy such as proton therapy have the
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Ewing Sarcoma/Primitive Neuroectodermal
Tumor

Ewing sarcoma and PNET were originally described
as distinct entities but are now recognized to repre-
sent ends along the morphologic spectrum of a sin-
gle neoplasm.'” Histopathologically, ES consists in
most cases of a vaguely lobular proliferation of uni-
form small blue round cells with clear to lightly eosin-
ophilic cytoplasm, evenly dispersed chromatin, and
indistinct nucleoli‘® (Figure 1, bottom). Tumors
falling closer to the PNET end of this spectrum may
contain occasional pseudorosettes. By immunohis-
tochemistry, ES/PNET strongly expresses CD99
(MIC2 gene product) in a membranous pattern and
shows FLI1 expression in more than 80% of cases. "
Approximately 25% of ES/PNETs show aberrant ex-
pression of keratins, typically considered an epithe-
lial marker. At the genetic level, approximately 95%
of ES/PNETs contain the t(11;22)(q24;q12) translo-
cation (EWSRI-FLII1), 4% contain the variant t(21;
22)(q22;q12) (EWSRI-ERG), and the remainder

potential to decrease late effects of radiation.

Close collaboration among members of the multidisciplinary team
including oncologists, radiation oncologists, surgeons, pathologists, and
radiologists is imperative in managing these complex patients to ensure
the best comprehensive approach.

syndrome, and Werner syndrome are predisposed
to development of OS, suggesting that alterations in
the genes associated with these disorders (RBI,
RECQL4, TP53, and WRN, respectively [for expan-
sion of gene symbols, use search tool at www.gen-
enames.org]) may play a role in the pathogenesis of
OS.” However, the vast majority of OSs arise in pa-
tients with no known germline abnormalities. At the
cytogenetic level, OSs have highly complex karyo-
types with many numerical and structural abnor-
malities; a consistent cytogenetic abnormality has
not been identified.® Three major subtypes of con-
ventional OS are recognized: osteoblastic, chondro-
blastic, and fibroblastic, reflecting the predominant
form of tumor matrix.” Treatment and outcome of
these subtypes are not different. Parosteal OS, cen-
tral low-grade OS, and periosteal OS are morpholog-
ically and clinically distinct OS subtypes with an im-
proved prognosis’and constitute less than 5% of cases E
of OS.>'* The age at presentation for parosteal and
periosteal OS is usually in the fourth and fifth decades
of life (patients are usually in the 30- to 40-year age
range). The microscopic diagnosis of OS rests on the
identification of production of osteoid matrix by the liferation of uniform, undifferentiated small round
neoplastic cells (Figure 1, top). There are no ancillary blue cells. Hematoxylin and eosin, magnification
immunohistochemical or molecular genetic studies 200x.

that are of value in the diagnosis of OS.

coma showing production of lacelike neoplastic
osteoid by hyperchromatic spindle cells. Bottom,
Photomicrograph of Ewing sarcoma/primitive neu-
roectodermal tumor consisting of a sheetlike pro-
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show fusion of EWSRI or very rarely FUS with a
variety of other ETS family transcription factors.'”
Fusion subtype is not known to be prognostically
significant.'®'?

Rhabdomyosarcoma

Although traditionally RMS has been considered to
derive from primitive myoblasts, a large percentage
of RMSs occur in locations normally lacking skeletal
muscle (eg, bladder, prostate, vagina, bile ducts)."’
Rhabdomyosarcomas are usually grouped into 3
subtypes: embryonal (ERMS) (including botryoid
and spindle cell variants), alveolar (ARMS), and
pleomorphic.””*! Pleomorphic RMS is seen almost
exclusively in adults and is not discussed here. The
recently described sclerosing RMS most likely rep-
resents a variant of ERMS.”* Figure 2 shows typical
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FIGURE 2. Top, Photomicrograph of embryo-
nal rhabdomyosarcoma, a spindle cell sarcoma,
showing a variable degree of rhabdomyoblastic
differentiation in the form of “strap cells” and
rounded rhabdomyoblasts. Bottom, Photomi-
crograph of alveolar rhabdomyosarcoma, a
small blue round cell tumor with very limited
rhabdomyoblastic differentiation, usually in the
form of multinucleated giant cells and occasional
cells with brightly eosinophilic cytoplasm. Hema-
toxylin and eosin, magnification 200x.

light microscopic appearances of ERMS compared
with ARMS. Both ERMS and ARMS are typically
strongly desmin-positive, with ARMS usually show-
ing strong myogenin expression and more limited
MYODI expression and ERMS often showing the
opposite pattern.”” Aberrant expression of epithelial
and neuroendocrine markers is common in ARMS
and may result in misdiagnosis.”* At the genetic
level, ARMS is characterized in approximately 75%
of cases by the t(2;13)(q35;q14) translocation
(PAX3-FOXIA) and in approximately 10% of cases
by t(1;13)(p36;q14) (PAX7-FOX1A).” Although tra-
ditionally approximately 15% of ARMS have been
considered to be fusion-negative, the noncanonical
translocations 1(2;2)(p23;q35) (PAX3-NCOAI) or
1(2;8)(q35;q13) (PAX3-NCOA2) have recently been
identified in subsets of these cases.”” In contrast to
ARMS, ERMS possesses no distinct molecular signa-
ture, although molecular genetic analysis has shown
frequent allelic loss on chromosome 11.7° Davicioni
etal’” have recently identified a 34-metagene, based
on expression patterns of 34 genes, that was highly
predictive of outcome. It was not highly correlated
with individual clinical risk factors such as patient
age, tumor stage, tumor size, or histology. However,
it was correlated with a risk classification used by
the COG and the biologic subsets of alveolar histol-
ogy tumors. Prospective clinical correlations are
planned to verify these findings.

DIAGNOSIS AND STAGING

Ideally, evaluation of the child and adolescent with a
suspected bone or soft tissue tumor should be per-
formed at the institution that ultimately will be pro-
viding multidisciplinary care for the patient. For
bone tumors, the biopsy needle tract or incision
should be placed such that it can be incorporated
into the final surgical excision if surgery is the ult-
mate form of local tumor control.*® Planning of the
biopsy should be coordinated between the radiolo-
gist and the surgeon for patients undergoing needle
biopsy. Adequate tissue should be obtained not only
for diagnosis but also for molecular and biologic
studies. This includes obtaining tissue both for rou-
tine processing in formalin and for fresh tissue stud-
ies. Evaluation of the primary tumor consists of ra-
diography and magnetic resonance imaging and/or
computed tomography. Figures 3 and 4 show typi-
cal radiographic and magnetic resonance appear-
ances of OS of the distal femur and ES/PNET of the
proximal humerus, respectively. Rhabdomyosar-
coma typically appears as a nonspecific soft tissue or
visceral mass lesion.

Evaluation for metastatic disease consists of
computed tomography of the chest, bone scan, and
in the case of ES/PNET and RMS, bilateral bone mar-
row aspirates and biopsies. Lymph node sampling is
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FIGURE 3. Left, Anteroposterior radiograph of osteosarcoma of the
distal femur showing a destructive lesion in the metadiaphysis with neo-
plastic osteoid formation within the associated soft tissue mass. Middle
and Right, Coronal TI- and T2-weighted magnetic resonance images
demonstrate the anatomic extent of marrow involvement and soft tissue

mass.

FIGURE 4. Left, Anteroposterior radiograph of Ewing sarcoma of the prox-
imal humerus demonstrates a large permeative destructive lesion involving
the metadiaphysis with extensive associated malignant periosteal new bone
formation and large soft tissue mass laterally. Middle and Right, Coronal T1-
and T2-weighted magnetic resonance images show the anatomic extent of
the soft tissue mass and marrow infittration.
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also performed for selected primary sites in RMS.
Fluorodeoxyglucose positron emission tomography
(FDG-PET) is being used more routinely in the eval-
uation of metastatic disease and in evaluating re-
sponse to therapy. A study by Volker et al*® found
that adding FDG-PET to the staging process led to a
change in therapy for 7 of 17 patients with ES. Fluo-
rodeoxyglucose PET was nearly twice as sensitive for
bone metastases compared with standard bone scin-
tigraphy. In addition, the sensitivity of FDG-PET for
lymph node involvement was 95% compared with
25% for conventional imaging modalities. Fluoro-
deoxyglucose PET has been correlated with histo-
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logic response to neoadjuvant chemotherapy in ES/
PNET, with a standardized uptake value-2 less than
2.5 being predictive of progression-free survival.”®
In extremity OS, FDG-PET was reported to be only
partially correlated with histologic response to neo-
adjuvant chemotherapy; however, a standardized
uptake value-2 less than 2.5 was associated with
improved progression-free survival.”' The PET re-
sponse to neoadjuvant chemotherapy and potential
implications for outcome and subsequent therapy
are being investigated prospectively in clinical trials
of pediatric sarcoma.

MULTIDISCIPLINARY THERAPY AND

PROGNOSIS

When evaluating a child or teenager newly diag-
nosed with one of these malignancies, it is important
to involve a multidisciplinary team of oncologists,
surgeons, and radiation oncologists from the outset
so that the treatment planning can progress seam-
lessly and the timing of local control can be opti-
mized so as not to delay chemotherapy. Because ra-
diation treatments are based on the extent of tumor
at the time of diagnosis, the radiation oncologist
must see patients with ES/PNET and RMS promptly
so that appropriate baseline imaging can be obtained
and plans can be expedited for timing of simulation
and radiation. It is beneficial to have simultaneous dis-
cussion and review of the case by members of all 3
disciplines to establish a unified approach to treat-
ment. Most of the advances seen in the past several
decades have been the result of randomized clinical
trials performed by North American and European pe-
diatric cooperative clinical trials groups such as the
Children’s Oncology Group (COQG); the European
Paediatric Soft Tissue Sarcoma Study Group; the Inter-
national Society of Pediatric Oncology, Malignant Mes-
enchymal Tumors Working Group; the European In-
tergroup Cooperative Ewing’s Sarcoma Study; and the
Cooperative Osteosarcoma Study Group. The multi-
disciplinary collaboration of pediatric oncologists, sur-
geons, and radiotherapists as well as the commitment
of patients and physicians to clinical trials has signifi-
cantly improved cure rates for these rare tumors.

Osteosarcoma

Despite several decades of clinical trials of chemo-
therapy in OS, the standard chemotherapeutic
agents utilized in the treatment of OS remain meth-
otrexate, doxorubicin (Adriamycin), and cisplatin
(MAP) with or without ifosfamide. Surgical removal
of all tumor (primary and metastatic) is required for
cure. Most patients receive neoadjuvant chemother-
apy followed by limb salvage surgery. With chemo-
therapy and surgery, the overall survival and event-free
survival (EFS) for patients with nonmetastatic disease
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can be expected to be approximately 75% and 65%,
respectively, at 5 years.”>”” Patients with lung or
bone metastases fare less well, with only approxi-
mately 25% to 50% being alive at 5 years.”*”> The
most recently published North American coopera-
tive group trial evaluated the addition of ifosfamide
and/or an immunoadjuvant, muramyl tripeptide
phosphatidylethanolamine, to standard MAP ther-
apy in a randomized trial.”> The outcome of the
study showed that the addition of ifosfamide to stan-
dard MAP did not improve EFS or overall survival;
however, the addition of muramyl tripeptide phos-
phatidylethanolamine to chemotherapy resulted in
astatistically significant improvement in overall sur-
vival and a trend toward better EFS. In the largest
study of prognostic factors in OS, tumor site and
size, presence of metastases, surgical remission, and
tumor necrosis after neoadjuvant chemotherapy
emerged as the most important independent
prognostic factors.”® Although the addition of ifos-
famide and etoposide (IE) to the regimens of poor
responders in one study seemed to improve their
outcome to equal that of good responders, this
study was not randomized.”” Intensification of
chemotherapy with IE in patients who have sub-
optimal tumor necrosis after conventional therapy is
being evaluated in an international randomized
trial.>® Other areas of investigation for patients with
metastatic disease at presentation have included the
addition of trastuzumab to chemotherapy for pa-
tients with tumors expressing HER2/neu”® and the
use of bisphosphonates.**!

Wide surgical excision remains the mainstay of
surgical treatment for OS. Advances in imaging, surgi-
cal techniques, and implants have dramatically re-
duced the need for amputation in the past 3 decades.
Advances in survival have paralleled the increase in
limb salvage.™” Surgical resection of OS in children
poses unique challenges. Most tumors arise in the me-
taphyseal region and abut or involve the growth plate.
Thus, surgical resection will lead to a limb length dis-
crepancy in growing children. Modest limb length dis-
crepancies can be managed with lengthening at the
time of resection and shoe modifications; for children
with greater anticipated discrepancies, extendible
prostheses have been developed to allow in vivo
lengthening as the child grows. Although initial sys-
tems required reoperation and had high rates of me-
chanical failure, several modern implant designs allow
noninvasive expansion triggered by an external mag-
netic field* (Figure 5).

Other innovative approaches to children with OS
exist. When the joint surface can be spared, the use of
intercalary allografts with or without vascularized fib-
ula transfer yields an excellent outcome.™*” New os-
seointegration methods may improve fixation in pa-
tients undergoing endoprosthetic reconstruction.*®

FIGURE 5. Expandable prosthesis to maintain
limb length in a growing child. Left, Radiograph
obtained on presentation of a |0-year-old
child with a proximal femur osteosarcoma.
Right, Radiograph at 4-year follow-up shows
maintenance of equal leg lengths with the use
of an expandable prosthesis.

In carefully selected patients whose tumors do not
invade the physis, bone distraction can be used to
create a buffer of newly formed bone in the distal
metaphysis to provide a margin for tumor exci-
sion with intercalary joint-sparing reconstruc-
tion.”” However, poor outcomes have been re-
ported in patients treated with bone distraction who
had a poor response to neoadjuvant chemothera-
py®; the uncertainties in predicting preoperatively
the histologic response to chemotherapy have lim-
ited the adoption of this novel technique.

A minority of patients are unsuitable for limb
salvage therapy because of the extent of the tumor,
young age and an anticipated large leg length dis-
crepancy, or the desire for high function more than
cosmesis. Such patients are treated with rotation-
plasty (provided neurologic structures are free of
tumor) or amputation. Although it is a dramatic-
appearing procedure, rotationplasty offers excellent
oncologic and functional results with normal psy-
chosocial development.*”® In patients requiring
amputation, recent advances in microprocessor-
controlled prosthetic joints improve the functional
outcome compared with conventional prostheses.”’

Although a minority of OSs arise in the axial skel-
eton, these pose particular treatment challenges. Ad-
vances in surgical techniques allow margin-free resec-
tion of tumors previously considered inoperable.’”

Osteosarcoma has historically been considered
to be a radioresistant tumor. However, advances in
radiotherapy that allow safe administration of high
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radiation doses are showing promise for patients
with unresectable or incompletely resected axial
skeleton OS. In a recent report of 55 patients with
unresectable or subtotally resected OS treated with
proton radiotherapy, local control at 3 and 5 years
was 82% and 72%, respectively, with a median tu-
mor dose of 68.4 Gy.”” Heavier ions, such as car-
bon, have a radiobiologic advantage for radioresis-
tant tumors and are being investigated in 0S.”*”’
Carbon ion doses of 70.4 Gy were associated with
92% local control at 3 years in patients with unre-
sectable head and neck OS. Bone metastases from
OS are often extremely painful. For patients without
curative options, radiotherapy with external beam
radiation or radioisotopes such as samarium and/or
bisphosphonates can also be used to palliate symp-
toms of disease.”®””

In contrast to treatment of conventional OS
with surgery and chemotherapy, treatment of low-
grade central OS, parosteal OS, and periosteal OS
consists of surgery only. These OS subtypes are as-
sociated with a much lower risk of distant metasta-
ses (except in the case of dedifferentiated parosteal
0S), and chemotherapy is generally not used in
these types of OS. It is important to recognize these
subtypes so as not to subject the patient to unnec-
essary chemotherapy.®'*

Ewing Sarcoma/Primitive Neuroectodermal
Tumor

The cure rate for patients with nonmetastatic ES/
PNET has increased greatly with the advent of effec-
tive chemotherapy regimens and a series of random-
ized clinical trials beginning in the 1970s. Active
agents for ES/PNET include vincristine, doxorubi-
cin, cyclophosphamide, ifosfamide, etoposide, and
actinomycin. Grier et al’® showed that the addition
of IE to vincristine, doxorubicin, cyclophospha-
mide, and actinomycin improved the outcome of
patients with nonmetastatic disease compared with
those treated with vincristine, doxorubicin, cyclo-
phosphamide, and dactinomycin alone. Since then,
there have been 2 randomized North American
studies evaluating the dose intensity of these agents
in nonmetastatic ES/PNET. The first study random-
ized patients to receive the same total doses of vin-
cristine, doxorubicin, and cyclophosphamide (VDC)
alternating with IE given over 30 weeks vs 48 weeks
by increasing dose per cycle and demonstrated no
difference in outcome.’” The second study random-
ized patients with nonmetastatic disease to receive
standard doses of VDC/IE either every 2 weeks or
every 3 weeks and showed significantly improved
EFS in those patients treated every 2 weeks com-
pared with those treated every 3 weeks (79% 4-year
EFS vs 70% EFS; P=.023).°° Thus, VDC alternating
with IE on an every 2-week schedule has become the
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standard of care for patients with nonmetastatic dis-
ease in North America. The addition of topotecan
and cyclophosphamide to VDC/IE is currently un-
der evaluation by the COG in a randomized study."

A somewhat different approach has evolved in
Europe, where after a series of studies by the United
Kingdom Children’s Cancer Study Group and the
German—Dutch—Swiss Cooperative Ewing’s Sar-
coma Studies, the current backbone for induction of
therapy is vincristine, ifosfamide, doxorubicin, and
etoposide followed by a randomized comparison of
vincristine, actinomycin, and cyclophosphamide
with vincristine, actinomycin, and ifosfamide for pa-
tients with good histologic response or small tumors
treated with radiation. In patients who have poor
histologic response, large tumors, and lung metas-
tases, continuation chemotherapy with vincristine,
actinomycin, and ifosfamide (plus lung radiother-
apy for patients with lung metastases) is being com-
pared with busulfan and melphalan megatherapy.®
The COG in North America is contributing patients
with lung metastases to this study.

Patients with metastatic ES/PNET, especially with
metastases outside the lung, have a dismal prognosis.
The role of megatherapy (high-dose chemotherapy fol-
lowed by stem cell rescue) in patients with high-risk
and/or metastatic or relapsed ES/PNET remains quite
controversial, with most studies reporting abouta 20%
t0 30% 2- to 3-year EFS.%>* Patients with metastatic
ES/PNET and those who have experienced relapse re-
main the most challenging and discouraging to treat.
Results from a recent COG study incorporating the
addition of metronomic antiangiogenic therapy with
vinblastine and celecoxib to the VDC/IE backbone are
pending.

Local control in patients with ES/PNET may be
via surgery, radiation, or both. No prospective ran-
domized study has evaluated the merits of different
local control modalities. Although nearly all pro-
spective studies suggest improved local control and
EFS outcomes for patients receiving surgery, pa-
tients receiving radiotherapy generally have adverse
prognostic factors, such as large tumor size, that
likely contribute to their poorer outcomes. Local
control has improved significantly with the addition
of IE chemotherapy. Local failure rates in the Inter-
group INT-0091 study were remarkable for only 9%
local recurrence after radiotherapy, 5% after sur-
gery, and 2% after combined surgery and radiother-
apy (P=NS).”” However, because of the risks of sec-
ond malignancy and the long-term morbidity seen
after radiation treatment for ES/PNET in young peo-
ple,°” surgery is the treatment of choice in North
America, with 65% of patients treated in the most
recent COG trial receiving surgery alone for local
therapy.®® Radiation may be used in addition to sur-
gery when surgical margins are small and in patients
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who are opposed to amputation. In North America,
this accounts for an additional 15% of patients, with
the remaining 20% receiving radiotherapy alone for
either unresectable tumors or tumors in which the
morbidity associated with resection is unacceptable.

Approximately two-thirds of ES/PNET tumors
occur in the appendicular skeleton, where the ad-
vances in limb salvage resection and reconstruction
described previously (see “Osterosarcoma” in the
“Multidisciplinary Therapy and Prognosis” section)
may be employed. The selection of local control mo-
dality for axial ES is more difficult. The extent of
these tumors, the complex local anatomy of the pel-
vis and spine, and the functional deficits associated
with resection of involved neurologic structures in-
crease both the morbidity associated with surgery
and the uncertainty of achieving a wide margin of
resection. Retrospective studies have suggested a
benefit of surgery for pelvic ES/PNET but suffer
from a potential selection bias in assigning treatment
modalities.®” Analysis of patients treated through
the COG INT-0091 study®® showed no significant
difference in local control rates of pelvic ES/PNET
between radiation or surgery, or both. In this study,
treatment was not randomly assigned, and patients
treated with both surgery and radiation had a risk of
local recurrence of 10.5% compared with 25% for
either surgery or radiation, a difference that did not
reach statistical significance.

Despite limitations of retrospective evaluations
and lack of statistical significance, multiple studies
suggest a benefit of surgery for axial lesions.®”"°
The best local control outcomes appear to be asso-
ciated with combined surgery and radiotherapy.®®
This finding has led to a divergence in the treatment
paradigm in the European studies such that 62% of
patients receive surgery and radiation for local ther-
apy and only 19% and 18%, respectively, receive
surgery or radiotherapy alone.”' Local control out-
comes are similar between North American and Euro-
pean studies, however, even with significantly fewer
North American patients receiving radiotherapy. Be-
cause of the desire to avoid radiotherapy in young pa-
tients, surgery remains the first-line treatment for local
control of axial skeletal ES/PNET in North America. If
a wide surgical margin is anatomically possible (1 cm
of uninvolved bone, anatomic fascial boundary, or 2
cm of free tissue), radiation is not used. If postoperative
analysis demonstrates a small margin or poor response
to chemotherapy, postoperative radiotherapy is em-
ployed. The current COG study is investigating the
importance of chemotherapy response and margin
width to further evaluate the need for adjuvant radio-
therapy after good response, even with close margins.
Radiotherapy alone is reserved for patients presenting
with disease still unresectable after induction chemo-
therapy or those who are unwilling to accept the mor-

bidity and functional loss associated with surgical
resection.

The poor overall survival in patients with met-
astatic disease has not changed significantly despite
decades of research and intense therapy. Because of
the poor survival in this group, radiotherapy is often
the treatment of choice for local control because
long-term risks for second malignancy and morbid-
ity are less of a concern. In addition, short-term or
acute toxicity is often less with radiotherapy than
with surgery. The exception is patients with lung-
only metastases amenable to surgical resection. Cur-
rent protocols recommend local therapy for all
known sites of metastatic disease if possible. Recent
evidence suggests that the approach of aggressive
local therapy may be associated with improved EFS
in this group of patients.”*"”

Rhabdomyosarcoma

Treatment for RMS incorporating risk-adapted
treatment approaches; multidisciplinary care utiliz-
ing chemotherapy, surgery, and radiotherapy; im-
proved supportive care; and participation in clinical
trials has resulted in approximately 70% of patients
being cured. Prognostic factors that are taken into
consideration for treatment stratification by the
COG include tumor site (favorable vs unfavorable),
size, and histology; completeness of resection before
chemotherapy; and lymph node and metastatic sta-
tus. In North America, staging for RMS utilizes a
modified TNM approach that takes into account pri-
mary site of tumor (favorable vs unfavorable),
lymph node status, size of tumor (=5 cm or
>5 cm), and clinical group before beginning che-
motherapy (group I, complete resection; group II,
microscopic residual disease; group 111, gross resid-
ual disease; and group IV, metastases). European
groups also take age into consideration when allo-
cating patients to risk groups for treatment.”*"”

The chemotherapy backbone utilized in North
America is vincristine, actinomycin, and cyclophos-
phamide, whereas the European studies have sub-
stituted ifosfamide for cyclophosphamide in their
studies.”””"" Approximately 90% of patients with
favorable histology, completely resected (or only
microscopic residual disease) tumors in favorable
sites (eg, the female genital tract, paratesticular area,
nonparameningeal head and neck region), or non-
resected orbital tumors (all low-risk disease) can be
cured with minimal therapy consisting of vincristine
and actinomycin, with or without lower doses of
cyclophosphamide, and radiation in the case of re-
sidual disease.”®"?

Treatment for intermediate-risk patients (pa-
tients with nonmetastatic disease with unfavorable
[alveolar] histology of any stage or patients with un-
resectable tumor in unfavorable primary sites) is
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more intense, and North American studies are ex-
ploring the role of topoisomerase inhibitors. How-
ever, the most recent randomized North American
study of intermediate-risk RMS did not show im-
proved outcome for patients treated with a regimen
of vincristine, actinomycin, and cyclophosphamide
alternating with vincristine, topotecan, and cyclo-
phosphamide.® The current randomized North
American intermediate-risk RMS trial is evaluating
the role of irinotecan as well as early radiotherapy
for this group of patients.®" The overall 4-year fail-
ure-free survival for intermediate-risk RMS is ap-
proximately 70%.%°

For patients with very high-risk disease, in par-
ticular those with disease metastatic to 3 or more
sites, bone or marrow involvement, alveolar histol-
ogy, and unfavorable sites, the outcome unfortu-
nately remains dismal, with less than 20% of pa-
tients surviving.®” Megatherapy has not resulted in
improved outcome in these patients.*’®” The COG
is exploring dose-intense multiagent chemotherapy
with vincristine, doxorubicin, cyclophosphamide,
ifosfamide, temozolomide, and cixutumumab for
these patients, whereas the European group is add-
ing doxorubicin to vincristine, dactinomycin, and
ifosfamide and then evaluating the addition of vi-
norelbine and cyclophosphamide as maintenance
therapy in a randomized fashion.

The approach to local tumor control in RMS is
to avoid mutilating or disfiguring surgical proce-
dures. Radiotherapy is generally used for patients
whose tumor cannot be completely resected. There
have been philosophical differences in the use of
radiotherapy between some of the European and
North American groups. Because some patients
whose tumors are initially incompletely resected but
who have good response to chemotherapy (and in
some situations second-look surgical procedures)
can in fact be cured without radiotherapy, some Eu-
ropean study groups have attempted to omit radio-
therapy for certain subsets of patients. This has re-
sulted in higher local recurrence rates but in some
cases the same overall survival rates with aggressive
salvage therapy, and thus an increased “total burden
of therapy.”®® The dilemma is whether to accept a
higher local failure rate by omitting radiotherapy for
some patients, who when or if they experience re-
currence will need more intense retreatment for sal-
vage and thus more therapy overall, or whether to
administer radiotherapy to all patients with group
III tumors to decrease local recurrence rates. Until a
more detailed molecular and genetic understanding
of tumors is available, it is difficult to determine in
which patients one can safely omit radiotherapy and
avoid local recurrence and which patients are at a
higher risk for local recurrence that then results in

MAYO CLINIC PROCEEDINGS

significant additional therapy with its attendant
short-term and long-term morbidity.®”

LATE EFFECTS

Despite the advances in cure rates for children and
adolescents with these tumors, the long-term conse-
quences of aggressive chemotherapy, radiotherapy,
and surgery can be substantial. Survivors are much
more likely than controls to have at least one, and often
multiple, chronic medical conditions. Examples are
cardiac toxicity from anthracyclines, hearing loss or
tinnitus from cisplatin, infertility from alkylator ther-
apy or radiation to the pelvis, endocrine complications
usually from radiation to reproductive organs or the
hypothalamic-pituitary axis, bladder dysfunction from
chemotherapy and radiation, and second malignant
neoplasms due to radiation and/or chemotherapy.®*
Postpubertal boys should be offered semen cryo-
preservation before initiation of therapy. Cryopreser-
vation of oocytes or embryos (the latter requires use of
donor sperm) is possible for postpubertal females but
may delay treatment initiation. Experimental cryo-
preservation of testicular or ovarian tissue has been
reported in the literature but is not a current standard
of care.

All children who receive radiotherapy as a com-
ponent of treatment are at risk for secondary radia-
tion-induced malignancy. The average latency pe-
riod is 7 years, but the risk does not appear to
decline over time. Results from the Childhood Can-
cer Survivor Study indicate a risk of 8% over 30
years for tumors excluding nonmelanoma skin can-
cers and an additional 9% risk of skin cancer; ES
patients appear to be particularly at risk.”??*°* Ra-
diation to soft tissues and bones within the treat-
ment field can lead to skeletal deformity and growth
retardation. Radiation to the thorax can result in
pulmonary fibrosis and cardiac dysfunction, and ra-
diation to the pelvis can result in infertility.”**>
Long-term follow-up of these patients is mandatory.
At the end of therapy, patients should be provided
with a comprehensive treatment summary detailing
what therapies were received to assist clinicians in
tailoring follow-up appropriately. Patients can be
followed up in survivorship clinics or by primary
care physicians who can all have access to the treat-
ment summary as well as the COG long-term fol-
low-up guidelines. The COG has developed treat-
ment-based long-term follow-up guidelines that are
available online for help in caring for survivors of
childhood cancer.”®

NEW DIRECTIONS

Recently, the importance of insulin-like growth fac-
tor receptor in promoting tissue growth and the
contribution of the insulin-like growth factor system
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to cellular proliferation and immortality in a wide
variety of cancers have been recognized. Overex-
pression of IGFI and IGF2 have been reported in ES,
OS, and RMS, and high expression of IGFIR has also
been reported in these and other cancers. In vitro
data have demonstrated the key roles of IGFIR in
pediatric sarcomas in particular.””°° Blockade of
insulin-like growth factor receptor pathways as
therapeutic targets are being explored in current
therapeutic studies.'??"'%% Targeting angiogenesis
using inhibitors of vascular endothelial growth fac-
tor such as bevacizumab and inhibition of the
mTOR (mammalian target of rapamycin) pathway
with agents such as temsirolimus are also being ex-
plored on the basis of both preclinical and early clin-
ical data.'®"'” Small-molecule tyrosine kinase in-
hibitors, some of which are approved for treatment
of renal cell cancer, are also being investigated in
pediatric phase 1 studies for refractory solid tumors.

Advances in orthopedic techniques hold prom-
ise for patients who require amputations. Continued
advancements in transcutaneous osseointegration
allow the potential for firm prosthetic fixation even
in patients with short residual limbs; initial results of
this technique are promising, and infectious compli-
cations are surprisingly rare.'®*'% Because of the
need to minimize the risk of infection during che-
motherapy for OS and ES, the formation of the
transcutaneous attachment is probably best delayed
until completion of chemotherapy in patients
treated in this manner.

Advanced radiotherapy techniques are also ex-
pected to improve the outcomes for unresectable
tumors while minimizing morbidity and, poten-
tially, late effects of therapy for most patients. Parti-
cle radiotherapy, the most common being proton
radiotherapy, is currently being utilized for treat-
ment of pediatric sarcomas."'®""" In contrast to
photons, protons and other charged particles have a
discrete stopping distance that minimizes exposure
of normal tissues to unnecessary radiotherapy''* as
well as allowing dose escalation and improved local
control in tumors adjacent to critical structures such
as the spine and skull base.'"” Second malignancy
risk reduction is one of the expected long-term im-
provements in late effects because the radiation ex-
posure is generally reduced by 60% to 70% in com-
parison to photon plans."'* Heavier, larger ions,
such as carbon, have the additional benefit of in-
creased radiobiologic effectiveness; that is, they can
overcome radiation resistance, in addition to their
precise stopping edge. Heavier particles are being
explored in unresectable OSs with promising re-
sults.”™!'"” Access to particle therapy is currently
very limited. In centers that do not have accesss to
particle therapy, advances in patient immobilization
and image guidance are allowing dose escalation

with photon techniques, albeit with an increased
low-dose radiation exposure compared with that as-
sociated with particle therapy. Stereotactic body ra-
diotherapy is the use of highly conformal radiation
treatment delivered with daily image guidance to
allow for reduction in margins of error."'® Robotic
tables that adjust patient position to within 1 mm or
1 degree of rotation and periodic imaging even dur-
ing treatment are used to minimize risk of setup
error. Treatments can be given in the traditional
fractionation pattern (ie, over 5-6 weeks) or in
shorter courses (hypofractionation). Hypofraction-
ated treatment is another technique to overcome
radioresistance and is being investigated with
sarcomas in the axial skeleton with promising
results. 7118

CONCLUSION

Recent advances in the multidisciplinary manage-
ment of musculoskeletal tumors in children and ad-
olescents have enabled most children and adoles-
cents with nonmetastatic disease to be cured;
however, late effects are not inconsequential. It is
hoped that during the next decade we will discover
which patients can have therapy reduced and still
have the same good outcome, and new approaches
with targeted agents and new surgical and radio-
therapeutic techniques will be developed for pa-
tients with metastatic disease.
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