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Foreword

Malignant bone tumors in children, adolescents, and young adults are a vex-
ing problem. Over the past century we have uncovered enormous information
about these cancers, and have made substantial progress using multidisci-
plinary approaches to cure patients with localized disease. Yet we still lose a
vast majority of patients whose cancer has spread beyond its initial confines
to other organs. For both types of patients, regardless of the outcome, the
journey is arduous. The patient must be surrounded by layers and layers of
teams to accurately make the diagnosis, administer state-of-the-art therapies,
provide psychosocial support, and, if all goes well, deal with long-term
issues.

We assembled this book as both an evidence-based and experiential-based
guide to the care of patients with malignant bone tumors. We asked a large
team of experts, the majority of whom have worked together for many years
and have thus collectively honed their skills, to give you, the reader, their
wisdom and knowledge gleaned from both the medical and surgical literature
and their vast clinical experiences. The chapters roughly follow the patient’s
journey chronologically from the development of symptoms to diagnosis to
treatment to future horizons.

We hope this book provides a framework for current and future genera-
tions of health-care providers to enable their patients with malignant bone
tumors to obtain the best possible medical, surgical, and psychological care.

Columbus, OH, USA Timothy P. Cripe, MD, PhD
Columbus, OH, USA Nicholas D. Yeager, MD
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Abstract

The majority of pediatric bone tumors are
benign; however, malignant bone tumors
account for a significant amount of morbidity
and mortality among children and adolescents.
Due to their often indolent presentation the
diagnosis is often delayed. This chapter will
highlight the signs and symptoms of malignant
bone tumors including osteosarcoma, Ewing
sarcoma, and chondrosarcoma. Malignant
bone tumors vary by age, sex, ethnicity and
tumor location. The typical presenting symp-
toms are similar for most malignant bone
tumors with a few distinct variations between
the subtypes. The initial diagnostic evaluation
will be reviewed and subsequent chapters will
go into more detail regarding the radiographic
and pathologic diagnosis. There are a few syn-
dromes with a known predisposition to malig-
nant bone tumors that will be highlighted.

1.1

Introduction

Pediatric bone tumors, although rare, are the
sixth most common neoplasm in children. Seven
hundred individuals under 20 years of age are
diagnosed with a primary bone malignancy each
year in the United States, with an annual inci-
dence rate of 8.7 per million children/adolescents
(1999). The most common diagnosis in this age
group is osteosarcoma, with approximately 400
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patients identified each year, followed by Ewing
sarcoma with around 200 (2006). International
incidence rates are similar to those of the United
States although osteosarcoma is less common in
some Asian and Latin American populations,
while Ewing sarcoma is less common in individ-
uals of African descent and in Eastern Asia popu-
lations (Parkin et al. 1993). Chondrosarcoma is
the third most frequent malignant bone tumor
seen in patients under 20 years. The remainder of
pediatric bone tumors is comprised of a popula-
tion of rare histologically specified and unspeci-
fied malignancies. Despite their relative
infrequency, malignant bone tumors convey a
significant morbidity and mortality to this age
group. It is estimated that there are 3,000 primary
malignant bone tumors diagnosed each year in
the United States and 1,500 deaths resulting from
them (Siegel et al. 2014). The overall survival for
patients with nonmetastatic osteosarcoma is
upwards of 75 % but is only 10-30 % for patients
with metastatic disease at presentation (Harris
et al. 1998). The overall survival for patients with
Ewing sarcoma is similar to that of osteosarcoma
(Granowetter et al. 2009; Orr et al. 2012).
Survival Epidemiology and End Results (SEER)
data over several decades described only modest
overall improvements in outcome from the 1970s
to 1990s and a worse outcome for males com-
pared to females (1999; 2006). One factor in this
lack of improvement may be that diagnosis is
often delayed, as it can be difficult to delineate
the symptoms associated with malignant bone
tumors from other more common ailments asso-
ciated with this age group (Brasme et al. 2014;
Goyal et al. 2004; Guerra et al. 2006).

1.2 Age

Malignant bone tumors, both Ewing sarcoma
and osteosarcoma, increase in frequency with
increasing age with a peak incidence at
15 years (1999; Meyers and Gorlick 1997,
Sneppen and Hansen 1984). They represent
less than 1 % of all malignancies in children
under 4 years, and the incidence declines again
after the adolescent peak (Stiller et al. 2000).

Osteosarcoma has a second age peak in older
adulthood frequently related to Paget’s disease
(Ottaviani and Jaffe 2009; Mirabello et al.
2009). Within the pediatric age group, malig-
nant bone cancer represents 5 % of all cancers
in children 5-9 years, 11 % in children
10-14 years, and 8 % in children 15-19 years
(1999). Although a similar increase incidence
with age is seen for chondrosarcoma (Stiller
et al. 2006), both chondrosarcoma and the
other histologic specified and unspecified
tumors remain rare throughout childhood
(1999). The peak incidence for osteosarcoma
is 10-19 years old with a second peak in the
1970s (Mirabello et al. 2009). Ewing sarcoma
has a less profound peak incidence from 10 to
15 years old, and more than a quarter of cases
occur in children under 10 years of age, and
another quarter occur in adults greater than
20 years of age (Miller 1981; Glass and
Fraumeni 1970). There is no older age peak
associated with Ewing sarcoma (Figs. 1.1 and
1.2).

1.3  Sexand Ethnicity

There is a slight male predominance in malignant
bone tumors overall, 1.19:1 (male to female)
(1999), which also is true for each histologic sub-
group: 1.27:1 for Ewing, 1.16:1 for osteosar-
coma, and 1.5:1 for chondrosarcoma. These
differences become even more pronounced in the
adolescent age group (15-19 years old) with
2.03:1, 1.92:1, and 1.71:1 male to female pre-
dominance for Ewing, osteosarcoma, and chon-
drosarcoma, respectively (2006; Stiller et al.
2000).

A striking difference in incidence of Ewing
sarcoma has been demonstrated between the
white non-Hispanics and Hispanics groups and
the African American/Black and Asian/Pacific
Islander groups. Ewing sarcoma is extremely
rare in groups of African and Southeast Asian
descent; in fact, a SEER report demonstrated no
cases of EWS in adolescents and young adults
in these ethnic groups (2006). In osteosarcoma
the ethnic predilection is reversed and slightly
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more common in African American children, 1.4 Sites of Tumors

but the difference between the two is much

smaller (1:1.33; white to black, respectively) Osteosarcoma most commonly occurs in the long
(1999). Given the higher overall incidence of bones of the lower limb, while Ewing sarcoma
osteosarcoma than Ewing sarcoma, the total and chondrosarcoma more commonly occur in
bone tumor ethnic ratio between white and the axial skeleton as well as long bones (1999;
black is 1.3:1 (1999). 2006). More specifically, osteosarcoma generally
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presents in the metaphyseal region of long bones,
with the distal femur, proximal tibia, and proxi-
mal humerus being the most common sites in
order of frequency. Ewing sarcoma is more likely
to be seen in the diaphyseal regions of long bones
and flat bones, with 40 % of Ewing tumors occur-
ring in the axial skeleton (Arndt and Crist 1999).
Non-skeletal presentations occur within the
Ewing sarcoma family of tumors (ESFT) as well
and generally demonstrate the same histologic
findings as well as the characteristic EWS/FLI1
translocation. Askin tumors are ESFTs that
involve the chest wall and clearly present a site-
specific local control challenge (Shamberger
et al. 2003). Ewing sarcoma also occurs in
extraosseous sites, and while they were originally
treated according to rhabdomyosarcoma chemo-
therapy regimens, patients with this subtype of
the ESFT are now treated using Ewing
sarcoma-specific regimens (Zagar et al. 2008;
Raney et al. 1997). Such extraosseous tumors
may occur in the soft tissue, retroperitoneum,
skin, and solid organs such as the kidney (Orr
et al. 2012; Zollner et al. 2013).

1.5 Signs and Symptoms

Pain and swelling are the primary presenting fea-
tures for both osteosarcoma and Ewing sarcoma.
Approximately 70 % of patients present with
pain, and about 20 % have a concomitant palpa-
ble mass (Widhe and Widhe 2000). In a report
from the University of Sao Paolo, investigators
described that almost 90 % of patients had pain,
but pain at rest was noted in less than 10 % of
patients. A tumor mass was noted in 57 % of
patients (Guerra et al. 2006). Night time pain,
classically thought to be an indicator of malig-
nancy, only occurs in 20 % of patients with bone
sarcoma (Widhe and Widhe 2000), and preceding
trauma, which can be diagnostically misleading,
was reported in almost 50 % of patients with
osteosarcoma. Patients with extraosseous Ewing
sarcoma typically present features with pain
and swelling in two-thirds of patients. Rare
presentations in this group include shortness of
breath, difficulty walking, urinary obstruction, or

constipation (Orr et al. 2012). Constitutional
symptoms including fever, weight loss, fatigue,
and loss of appetite occurred in 31 % of patients
with skeletal Ewing sarcoma and 20 % of patients
with extraosseous Ewing sarcoma and are more
frequent in patients with metastatic disease
(Biswas et al. 2014). Patients with Ewing sar-
coma of the paraspinal region may develop epi-
dural invasion and present with signs of
neurologic compromise from spinal cord or nerve
root compression, including paralysis and bowel
or bladder dysfunction. Such patients require
emergent evaluation and laminectomy for neuro-
logical recovery. Patients with pelvic and chest
wall tumors may not present with a palpable
mass due to the fact that the growth of the tumor
is likely internal or intracavity. Consequently
patients with chest wall tumors may present with
cardiorespiratory symptoms if there is significant
lung compression and mediastinal shift. Both
osteosarcoma and Ewing sarcoma can also
metastasize to the lungs and skeletal bones,
although metastatic lung nodules are rarely large
enough at presentation to cause respiratory symp-
toms. Patients may also present with a pathologi-
cal fracture at time of initial diagnosis. Plain
radiographs were acquired on almost two-thirds
of patients reported by Widhe et al. (Widhe and
Widhe 2000), and many of these were done to
exclude the trauma/fracture. Only 2 patients out
of 100 with osteosarcoma were found to actually
have a pathological fracture at diagnosis, and no
patients out of the 47 with Ewing sarcoma were
found to have a fracture. The typical differential
diagnosis for patients who present as described
above includes tendinitis, tumor, or trauma, and
more uncommonly bursitis, Osgood-Schlatter
disease, or Legg-Calve-Perthes disease, among
many others (Widhe and Widhe 2000).

Patients with osteosarcoma have an average
delay of 15 weeks from development of symp-
toms to diagnosis, while delays of up to 34 weeks
have been reported for patients with Ewing sar-
coma (Widhe and Widhe 2000; Sneppen and
Hansen 1984; Goyal et al. 2004). The older age
distribution for malignant bone tumors, the typi-
cal denial of symptoms in adolescence, and the
frequent challenges in delineating a malignant
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lesion from a simple trauma, infection, or other
inflammatory condition likely contribute to
delays in the recognition of symptoms and diag-
nosis (Widhe and Widhe 2000; Goyal et al. 2004;
Sneppen and Hansen 1984). Initial recommenda-
tions of simple rest and analgesics may also pro-
long time to diagnosis since temporary
improvements in pain and tenderness are fre-
quently seen with such measures and may rein-
force the impression of benign etiology such as
tendinitis (Widhe and Widhe 2000). Reassuringly,
the data suggest that such delays do not result in
adverse survival outcome for patients (Brasme
et al. 2014; Martin et al. 2007).

Patients with recurrent skeletal lesions typi-
cally present with symptoms similar to those at
presentation, suggesting that routine surveillance
with bone scan for patients off therapy is unnec-
essary (Meyer et al. 2008; Powers et al. 2014).

1.6  Diagnostic Evaluation

Malignant bone tumors are rare, and there is a
broad differential for bone pain especially in the
pediatric and adolescent age group; therefore, the
suspicion of such tumors by primary care physi-
cians is low. Suspicion for malignancy at first
medical visit has been noted for only 31 % of
patients diagnosed with osteosarcoma and 19 %
of patients with Ewing sarcoma (Widhe and
Widhe 2000). Conventional imaging features
with plain x-ray help differentiate benign bone
lesions from malignant disease. Typical features
of malignancy including cortical bone disruption,
periosteal elevation, subperiosteal new bone for-
mation, lytic and sclerotic changes in bone, soft
tissue mass, and soft tissue ossification (classical
sunburst appearance with malignant osteosar-
coma), which is discussed in detail in Chap. 2
(Murphey et al. 1997). Widhe et al. reported that
67 % and 60 % of patients ultimately diagnosed
with osteosarcoma and Ewing sarcoma, respec-
tively, had x-ray imaging performed after their
first primary care visit (Widhe and Widhe 2000).
Unfortunately the false-negative rate, at this ini-
tial image, was 9 % for osteosarcoma and 43 %
for Ewing sarcoma. Other imaging required for

the evaluation of a newly diagnosed patient with
a primary bone malignancy includes MRI of the
primary tumor to determine osseous, joint, and
soft tissue tumor extent, along with other impor-
tant characteristics for surgical planning such as
neurovascular encroachment. Also required is a
CT of the chest to evaluate for parenchymal met-
astatic lung disease and a technetium bone scan
or CT-PET for distant skeletal and bone marrow
disease (Meyer et al. 2008; Franzius et al. 2000).
Radiological features typical for osteosarcoma
(sunburst appearance, metaphyseal lesion) and
Ewing sarcoma (onion skin appearance to perios-
teal elevation and diaphyseal lesion) can be con-
sidered in addition to clinical features such as age
and ethnicity to predict tumor type. However,
while sensitive, these features are not specific and
a histological diagnosis is critical for a correct
diagnosis and treatment planning. Laboratory
evaluation of tumor markers such as alkaline
phosphatase and LDH also provide some prog-
nostic information (Bielack et al. 2002). Bone
marrow aspirate and biopsy are still convention-
ally required to stage patients with Ewing sar-
coma, but may soon be replaced with CT-PET
which is very sensitive to presence of bone mar-
row disease (Hawkins et al. 2005; Newman et al.
2013).

1.7  Predisposition Syndromes

Rarely pediatric bone tumors (typically osteosar-
coma) may be associated with predisposition
syndromes such as Li-Fraumeni syndrome (p53
tumor suppressor germ line mutation),
Rothmund-Thomson syndrome (RECQL4 gene
mutation), radiation exposure, hereditary retino-
blastoma (mutation in the Rb1 gene), osteochon-
droma, fibrous dysplasia, chronic osteomyelitis,
Werner syndrome (loss of function mutation in
WRN gene resulting in premature aging), and
Bloom syndrome (BLM gene mutation encodes
for RECQL3 helicase DNA repair enzyme)
(Ottaviani and Jaffe 2009). Signs and symptoms
of such predisposing conditions will likely be
readily obvious to a careful cancer-focused
patient history and careful physical examination.
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Although surveillance guidelines are not well
established for the aforementioned predisposi-
tion syndromes, a majority of institutions employ
institution-specific screening guidelines (Teplick
et al. 2011).
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Abstract

The unique pattern of distribution of bone
tumors and the nature of their interaction with
native bone creates distinct radiologic-patho-
logic correlates that are critical in the diagnostic
evaluation of these lesions. The rarity of these
lesions makes them especially daunting for the
general pathologist and radiologist faced with
the diagnostic evaluation of these entities. This
chapter presents a richly illustrated synopsis of
common pediatric bone lesions based on a ratio-
nal integrated approach incorporating the gross
anatomy of the lesions (via radiologic imaging)
and pathologic analysis. This chapter presents
entities and their mimics based on their ana-
tomic location within the bone just as they

T.P. Cripe, N.D. Yeager (eds.), Malignant Pediatric Bone Tumors - Treatment & Management,

Pediatric Oncology, DOI 10.1007/978-3-319-18099-1_2
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would present in “real life”. This integrated nosis and various manifestations of benign lesions
approach, with emphasis on overlapping fea- when confronted with radiographic findings.
tures of different entities, provides practical
guidance for health care providers and trainees.

2.1.1 Basic Radiological Evaluation
of Pediatric Bone Tumors

2.1 Introduction

Prompt and accurate diagnosis of bone tumors
requires integrating clinical, radiographic, and
pathologic data. The first clues encountered in this
process are often the radiographic features of a
lesion. The location along the bone (diaphyseal,
metaphyseal, or epiphyseal), within the bone (sur-
face, cortex, or medulla), and radiographic density
can quickly narrow the differential diagnosis. The
typical locations of common bone tumors are
shown in Fig. 2.1. This chapter is organized to
allow the reader to approach lesions by region of
the involved bone, emphasizing the radiographic
and pathologic features that distinguish key differ-
ential diagnoses at each location. Although the
remainder of this book focuses on malignant
lesions, it is important to know the differential diag-

el Tum

Fig. 2.1 Common locations of pediatric bone tumors.
The location of a bone tumor is frequently the first infor-
mation available to narrow the differential diagnosis of a
bone lesion. This illustration demonstrates the common
location of many pediatric bone tumors

The initial evaluation of any benign or malignant
bone tumor usually begins with radiography. Aside
from confirming the presence of a bone tumor,
radiographs delineate features of the tumor to gener-
ate a differential diagnosis, guiding further imaging
evaluation and management. The differential diag-
nosis of pediatric bone tumors can be significantly
focused by the age of the patient in conjunction with
the location of the lesion (Table 2.1) and radio-
graphic characteristics that distinguish aggressive
from nonaggressive lesions. Additionally, unifocal
lesions versus a multifocal process can also help nar-
row the differential diagnosis (Table 2.2). Typically,
benign lesions have a nonaggressive radiographic
appearance, while malignant lesions will have a
more aggressive radiographic appearance. There are
certainly exceptions to this rule, including nontu-
moral processes such as osteomyelitis that can
mimic an aggressive tumor. The radiographic
appearance of an aggressive or nonaggressive tumor
depends upon how the surrounding bone reacts to
the underlying lesion. Nonaggressive lesions are
usually slow growing and give the surrounding bone
time to develop around the lesion, resulting in well-
defined margins with a narrow zone of transition to
surrounding intact bone. A slow-growing benign
tumor can show expansion of the surrounding bone
contour, without bony destruction, and without a
soft tissue mass component. If a benign lesion does
elicit surrounding periosteal reaction, the reaction
will generally demonstrate a mature, well-formed,
and less aggressive appearance.

Malignant bone tumors generally demonstrate
aggressive radiographic features that reflect the
fast-growing nature of the lesion, limiting the abil-
ity of the surrounding bone to react or “catch up”
with the underlying aggressive process. These fea-
tures include a wide zone of transition with poorly
defined margins as well as frank bone destruction,
outpacing the ability of the surrounding bone to
remodel or develop a sclerotic margin. Such an
appearance can reflect soft tissue mass extension



2 Diagnostic Studies of Pediatric Bone Tumors: Pathology and Imaging 1

Table 2.1 Pediatric bone tumors by their frequent loca-
tions in long bones

Epiphysis Chondroblastoma

Giant cell tumor (after physeal fusion)
Langerhans cell histiocytosis (rare)
Metaphysis Aneurysmal bone cyst
Chondromyxoid fibroma
Enchondroma

Ewing sarcoma (more commonly
metadiaphyseal or diaphyseal)

Langerhans cell histiocytosis
Leukemia
Metastases

Nonossifying fibroma/fibrous cortical

defect

Osteochondroma

Osteoid osteoma

Osteosarcoma

Parosteal osteosarcoma

Simple (unicameral) bone cyst
Diaphysis Adamantinoma
Ewing sarcoma
Fibrous dysplasia
Langerhans cell histiocytosis

Nonossifying fibroma/fibrous cortical
defect (in older patients)?

Osteochondroma (in older patients)?
Osteofibrous dysplasia

Osteoid osteoma

Periosteal osteosarcoma

Simple (unicameral) bone cyst*

“These lesions begin in the metaphysis and with growth
may “migrate” into the metadiaphysis and diaphysis

Table 2.2 Multifocal pediatric bone lesions

Brown tumors (hyperparathyroidism)

Cystic angiomatosis/lymphangiomatosis
Enchondroma (Ollier disease, Maffucci syndrome)
Fibrous dysplasia (McCune-Albright syndrome)
Infantile myofibromatosis

Langerhans cell histiocytosis

Leukemia

Metastases

Multifocal osteosarcoma

Nonossifying fibromas/fibrous cortical defects
Osteochondroma (osteochondromatosis)
Osteomyelitis/CRMO (chronic recurrent multifocal
osteomyelitis)*

*While not a bone tumor, multifocal osteomyelitis and
CRMO should be considered when multifocal bone
lesions are encountered

from the bone as well as a permeative or moth-
eaten appearance of bone destruction. Aggressive
forms of periosteal reaction also indicate a fast-
growing aggressive process. These patterns
include “onionskin” or multilayered periosteal
reaction composed of multiple concentric parallel
layers of new bone adjacent to the cortex
(Fig. 2.2a), as well as spiculated periosteal reac-
tion which can appear either as a “sunburst” pat-
tern of divergent ossified fibers radiating out from
the periosteum (Fig. 2.2b) or a “hair-on-end” pat-
tern with ossified fibers radiating perpendicular to
the cortex (Fig. 2.2c). Additionally, aggressive
periosteal reaction can appear as a “Codman tri-
angle,” which represents ossification of only the
elevated periosteum at the margins of the aggres-
sive process which then tapers down to the intact
bone producing a triangular appearance (Fig. 2.2c).

2.2  Epiphyseal Lesions

The epiphysis generally has the least number of
lesions associated with it, and this chapter will
focus on chondroblastoma, Langerhans cell his-
tiocytosis, osteomyelitis (usually subacute or
chronic), and giant cell tumor (in skeletally
mature patients after physeal fusion).

2.2.1 Chondroblastoma

Chondroblastomas appear as well-defined eccentric
lucent lesions within the epiphyses of long bones.
Additionally, they can occur in epiphyseal equiva-
lents including apophyses and the patella (Turcotte
et al. 1993). There are several radiographic charac-
teristics which help distinguish chondroblastoma
from other epiphyseal lucent lesions. On MRI, these
lesions follow cartilage signal on all pulse sequences
aside from occasional examples containing internal
calcific matrix that demonstrates no signal.
Additionally, painful lesions can demonstrate sur-
rounding inflammatory response including bone
marrow edema signal on MRI as well as bone mar-
row edema signal distant from the lesion (Figs. 2.3,
2.4, and 2.5). Biopsies show a benign cartilaginous
neoplasm composed principally of sheets of mono-
nuclear cells and osteoclast-type giant cells. The
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Fig. 2.2 Radiographic features of aggressive lesions. (a)
This aggressive appearing lesion involving the proximal
radial diaphysis demonstrates a permeative, “moth-eaten”
appearance of the bone with aggressive periosteal reaction
showing layers of “onionskin” appearing periosteal new
bone formation as the soft tissue mass extends from the
underlying bone. (b) This oblique frontal radiograph of
the ankle demonstrates a lesion in the distal fibular

mononuclear cells frequently contain nuclear
grooves which imparts a “coffee bean” appearance
to the cells (Fig. 2.6). The presence of cartilaginous
matrix and chicken-wire calcifications helps to
facilitate the diagnosis. Not uncommonly, second-
ary aneurysmal bone cyst can develop and some-
times dominate the overall radiologic and histologic
appearance to the extent that the diagnosis of chon-
droblastoma could be obscured (Fig. 2.6¢).

2.2.2 Langerhans Cell Histiocytosis

Langerhans cell histiocytosis (LCH) is included
within the differential of epiphyseal lesions in the
pediatric population as these lesions can occur in
all locations in long bones and in many other bones
including the mandible, pelvis, ribs, and spine
(Fig. 2.7). Epiphyseal lesions generally appear

metaphysis with a classic “sunburst” appearance of
aggressive periosteal reaction. (¢) An aggressive “moth-
eaten” lytic-appearing lesion is seen within the metaphy-
sis of the distal femur demonstrating bony destruction and
a large soft tissue component with a “Codman triangle” at
the superior margin of the soft tissue mass as well as
“hair-on-end” aggressive periosteal reaction

well circumscribed and lytic in appearance, poten-
tially resembling chondroblastoma. LCH is a spec-
trum of disease and can have any radiographic
appearance; lesions can have both an aggressive
and nonaggressive radiographic features. In biop-
sies, LCH is characterized by distinctive histio-
cytes that are reactive for CD1a, Langerin, and
S-100. The characteristic cells of LCH are often
accompanied by mixed inflammatory cells, typi-
cally including predominantly eosinophils
(Fig. 2.8), and can show histologic similarities
with osteomyelitis as discussed further in Sect. 2.3.

2.2.3 Osteomyelitis
In tubular bones, hematogenous osteomyelitis is

usually localized to the metaphysis and may
spread from the metaphysis through the growth
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Fig. 2.3 Chondroblastoma of the distal femur. (a, b)
Anterior-posterior (a) and lateral knee (b) radiographs
demonstrate a lucent chondroblastoma with thin sclerotic
borders within the medial condyle of the distal femoral
epiphysis. (c-e) MRI sequences of the same patient
(a coronal PD FS, b coronal T1, and ¢ sagital 3C FSPGR
FS) demonstrate a typical well-circumscribed lesion with

plate to the epiphysis. In children a purely
epiphyseal osteomyelitis is very rare; however, in
infants younger than 15 months of age, epiphyseal
osteomyelitis can occur more often given that
metaphyseal vessels penetrate the growth plate
and enter the epiphysis, allowing entry of caus-
ative organisms. The infection is usually subacute
or chronic. An epiphyseal subacute or chronic
osteomyelitis will generally appear lytic with scle-
rotic margin, overlapping with the appearance of

surrounding low-signal consistent with the surrounding
sclerosis. The lesion itself follows cartilage signal on all
pulse sequences. Additionally in this painful lesion, bone
marrow edema can be seen along the medial margin of the
medial femoral condyle distant from the lesion itself, best
appreciated on the coronal PD FS image (a)

other epiphyseal lesions. Metaphyseal osteomyeli-
tis is discussed further in Sect. 2.3.

2.2.4 GiantCell Tumor

Giant cell tumor (GCT) or osteoclastoma is an
uncommon neoplasm that occurs most often in
skeletally mature patients with only approximately
5 % occurring before skeletal maturity, mostly in
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Fig. 2.4 Chondroblastoma of the proximal tibia. (a) An
anterior-posterior radiograph demonstrates a well-defined
lucent lesion with sclerotic borders within the lateral
proximal tibial epiphysis, abutting the cortex. (b) MRI of
the same patient (coronal PD FS) shows a well-
circumscribed lesion within the lateral proximal tibial

Fig.2.5 Chondroblastoma of the proximal humerus.
An anterior-posterior radiograph of the proximal
humerus shows a well-defined lucent epiphyseal lesion
with well-defined mildly lobulated borders showing thin
rim of sclerosis within the proximal humeral epiphysis

epiphysis with thin surrounding low-signal consistent
with the surrounding sclerosis. The lesion itself follows
cartilage signal. In this painful lesion, MRI demonstrates
the significant surrounding inflammatory bone marrow
edema signal as well as inflammation in the surrounding
soft tissues
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Fig. 2.6 Histologic features of chondroblastoma. (a)
Chondroblastoma is composed of diffuse sheets of mono-
nuclear cells admixed with osteoclast-type giant cells. (b)
Prominent longitudinal grooves and “coffee bean” appear-

ance of the cells are easily discernible, prototypic for this
lesion. (¢) Secondary aneurysmal bone cystlike changes in
this chondroblastoma were extensive representing a histo-
logic differential diagnosis of aneurysmal bone cyst

Fig.2.7 Radiographic features of Langerhans cell histio-
cytosis. (a) Langerhans cell histiocytosis (LCH) involving
the skull demonstrates multiple well-circumscribed lucent
lesions with a “punched-out” appearance in this anterior-
posterior view. Given multiple lesions, LCH is high in the

differential diagnosis for this young child. (b) This
anterior-posterior view of the chest demonstrates
Langerhans cell histiocytosis of the rib, with an expansile
lucency of the posterior right eighth rib
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Fig. 2.8 Histologic features of Langerhans cell histiocy-
tosis. The characteristic cells of Langerhans cell histiocy-
tosis (LCH) have moderate eosinophilic to foamy
cytoplasm and distinctive nuclei with folds, clefts, and
grooves (arrowheads). LCH is typically accompanied by
many eosinophils (circles); other inflammatory cells can
be seen including plasma cells in this example (arrow).
(H&E, 100x objective magnification)

the second decade of life. While it is a benign
lesion, GCT tends to show locally aggressive
behavior. In skeletally mature individuals, GCT is a
well-circumscribed lucent lesion that is uniformly
epiphyseal in location, usually abutting the articular
surface, with variable extension into the metaphy-
sis. In the rare case of GCT in a skeletally immature
patient, GCT almost always appears metaphyseal
in location and usually will abut the physis.

In histologic sections, GCT is characterized by
multinucleated osteoclast-type giant cells (contain-
ing up to 50 nuclei) admixed with mononuclear cells
(Fig. 2.9). While other giant cell-containing lesions
enter the histologic differential diagnosis, the diag-
nosis of GCT is usually established by appropriate
clinical and radiologic context in concert with the
characteristic histologic features. This correlation is
particularly important in GCT. The mononuclear
cell population can show variable oval, round, or

Fig. 2.9 Histologic features of giant cell tumor. (a)
Papanicolaou stain of a fine-needle aspiration biopsy shows
multinucleate osteoclast-type giant cells with admixed with
mononuclear oval to spindle cells. (b) Histologic sections
of giant cell tumor typically show numerous multinucleated

osteoclast-type giant cells. (¢) High-power view showing a
multinucleated osteoclast-type giant cell containing 30-50
nuclei and adjacent mononuclear spindle cells. (d) A giant
cell poor area within the same tumor shows a prominent
spindle cell proliferation
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spindled morphology. The proportion of the giant
cells and mononuclear cells can be variable between
and within lesions, and lesions with few giant cells
can present diagnostic challenges, particularly in a
limited biopsy specimen (Fig. 2.9d). Necrosis, mito-
sis, and tumor emboli in vessels can all be seen in
GCT, but they do not correlate with malignant pro-
gression. Areas of reactive bone can be seen in these
lesions particularly if there is an associated fracture.
In a subset of cases, secondary aneurysmal bone
cyst changes can occur simulating a solid variant of
aneurysmal bone cyst. Immunohistochemistry is of
very limited use in the histologic differential diagno-
sis of GCT due to the lack of a specific marker (de la
Roza 2011; Dickson et al. 2008).

2.3  Metaphyseal Lesions

The differing lesions that may involve the
metaphysis of long bones are many (see
Table 2.1). This section will discuss simple or
unicameral bone cyst (UBC), aneurysmal bone

Fig. 2.10 Unicameral bone cysts of the proximal
humerus. (a) Unicameral (simple) bone cyst is a benign
lucent-appearing lesion often within the metaphysis with
well-defined borders with no cortical destruction or peri-
osteal reaction. This lesion demonstrates thin internal sep-
tations and mild expansion of the proximal humeral

cyst (ABC), osteosarcoma, Ewing sarcoma (more
commonly metadiaphyseal or diaphyseal), LCH,
and subacute/chronic osteomyelitis.

2.3.1 Unicameral (Simple)

Bone Cyst

Unicameral or simple bone cysts (UBC) appear
lucent on radiographs. They demonstrate well-
defined borders with a sclerotic rim and may
show mild expansion of the overlying thinned
bony cortex. They usually occur centrally within
the medullary space near the metaphysis and may
“migrate away” from the metaphysis into the
diaphysis during bone growth. Although they are
called unicameral bone cysts, more mature cysts
can demonstrate internal septations (Fig. 2.10).
On contrast-enhanced imaging, these cysts do
have a rim of vascular lining which does enhance
while the internal fluid component does not.
Additionally, given their internal fluid structure, a
characteristic “fallen fragment sign” may be

metaphysis. (b) The “fallen fragment sign” of unicameral
bone cyst is the result of a pathologic fracture with corti-
cal buckling and disruption extending through the well-
defined lucent lesion. Bony fragment is seen layering
dependently within the internal fluid of this unicameral
bone cyst of the proximal humerus
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Fig.2.11 Histologic features of unicameral bone cyst. Unicameral bone cyst is composed of cystic spaces with fibro-
membranous wall (a), with deposits of fibrin-like material in the cyst wall (b)

demonstrated through a pathologic fracture
involving a UBC with the bone fragment layering
dependently within the fluid (Fig. 2.10).
Unicameral bone cysts are asymptomatic unless
complicated by fracture; these lesions are the
most common cause of pathologic fracture in
children. UBC has a characteristic gross yellow-
ish color and clear appearance. These lesions are
often removed in piecemeal and consist of multi-
loculated cystic spaces devoid of true lining. The
cyst wall is fibrous which may contain variable
amounts of fibrin, multinucleate giant cells, and
sometimes cementoid material (Fig. 2.11).

2.3.2 Aneurysmal Bone Cyst

Aneurysmal bone cysts (ABCs) on radiographs
appear lucent with sharp margins, showing a
“soap-bubble” lesion with thin sclerotic borders
(Fig. 2.12). The bony cortex may be very thinned
to the point of nonvisualization; however, no
bony destruction is seen, similar to unicameral
bone cysts. ABCs are usually multiloculated and
may demonstrate lacelike internal matrix. On
MRI, the lesion will also demonstrate character-
istic fluid-fluid levels due to layering degraded
blood products, similar to UBC (Fig. 2.12c). On
contrast-enhanced imaging, the internal septa

and the thin inner lining of the ABC will enhance,
while the multiloculated fluid-containing spaces
will not (Fig. 2.12d).

ABC:s are grossly very hemorrhagic and sieve-
like, reminiscent of a sponge. Histologic section
show multiloculated “cystic” spaces containing
blood with no true lining with fibrous wall and
variable amounts of osteoclastic-type giant cells,
capillaries, spindle cells, and osteoid deposition
that sometimes mineralize to form bone
(Fig. 2.13). It is imperative to screen for second-
ary etiologies which may coexist in the same
biopsy specimen.

2.3.3 Telangiectatic Osteosarcoma

An important differential diagnosis is telangiec-
tatic osteosarcoma, which shares similar histo-
logic features to ABCs. Telangiectatic
osteosarcoma is characterized by multiple blood-
filled cysts and microscopically shows tumor
cells arranged along delicate networks of sinusoi-
dal vessels. These features can mimic aneurys-
mal bone cyst; however, the high-grade
pleomorphic cells with anaplasia, coagulative
necrosis, atypical mitotic figures, and osteoid
matrix are often readily identified in telangiec-
tatic osteosarcoma (Fletcher et al. 2013).
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Fig.2.12 Aneurismal bone
cyst of the distal tibia. (a, b)
Anterior-posterior (a) and
lateral (b) radiographs of
the distal tibia demonstrate
an expansile lytic lesion
eccentrically located and
involving the posterior
distal tibial metaphysis.
This example has character-
istic sharp geographic
margins with thin rim of
sclerosis and very faint
lacelike internal matrix. No
cortical break or destruction
with no visible soft tissue
component. (¢, d) MRI
sequences of the same
patient (c axial T2WI with
fat saturation, d sagittal
post-gadolinium T1WI with
fat saturation) demonstrate
the sharp margins of the
lesion, with a thin rim of
decreased signal corre-
sponding to sclerosis seen
on radiographs. Multiple
fluid-fluid levels within the
cystic spaces, seen in panel
¢, represent layering of
blood products and are
characteristic, but not
unique to aneurismal bone
cysts. Typical thin
enhancement of the margins
and septa without a soft
tissue component or cortical
destruction are best seen in
post-contrast T1-weighted
images (panel d)
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Fig. 2.13 Histologic features of aneurismal bone cyst.
(a) Aneurysmal bone cyst contains blood-filled cystic
spaces lined by fibrous septae. (b) Multinucleated giant

Conversely, aneurysmal bone cyst can also show
osteoid formation which can undergo mineraliza-
tion, representing an important histologic differ-
ential diagnosis from osteosarcoma. In these
instances, the absence of malignant cytologic
features is an important histologic clue to the
diagnosis of aneurysmal bone cyst.

2.3.4 Conventional Osteosarcoma

Conventional osteosarcoma can often be primar-
ily diagnosed with radiography, with other imag-
ing modalities typically reserved for staging and
planning for surgical resection. Biopsy is per-
formed for unequivocal confirmation of the diag-
nosis. In radiographs, osteosarcoma typically
will appear as a large lesion with aggressive fea-
tures showing a mixed lytic-sclerotic appearance,
ill-defined margins, as well as bone destruction

cells are characteristically seen in the septae. Notably,
cellular features of malignancy are absent. (¢) Areas of
osteoid deposition can be seen in aneurysmal bone cyst

and a large soft tissue mass component. As a
bone-forming tumor, conventional osteosarcoma
classically has dense “cloud-like” matrix easily
visible on radiographs (Fig. 2.14a, b). MRI can
better delineate the soft tissue component and
involvement of surrounding structures, useful for
surgical planning (Fig. 2.14c). Additionally,
osteosarcoma classically will demonstrate
aggressive patterns of periosteal reaction includ-
ing “sunburst” or “hair-on-end” pattern as well as
“Codman triangles.” The sunburst pattern devel-
ops when growth of the lesion outpaces the abil-
ity of the periosteum to lay down new bone, and
the Sharpey’s fibers stretch out in a divergent pat-
tern from the bone (Fig. 2.14d), whereas “hair-
on-end” periosteal reaction is oriented
perpendicular to the bone. It is often seen with
osteosarcoma but can also develop with other
aggressive bony tumors such as Ewing sarcoma
or osteoblastic metastases. The Codman triangles
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Fig. 2.14 Radiographic features of conventional osteo-
sarcoma. Anterior-posterior (a) and lateral (b) radio-
graphs of the knee demonstrate a large mass involving the
distal femoral metaphysis with classic features of conven-
tional osteosarcoma including dense “cloud-like” osseous
matrix, cortical destruction with mass extension through
the cortex. (¢) Coronal T1 fat-saturated post-gadolinium

imaging of the same patient better depicts the size of the
soft tissue mass and extension of the osteosarcoma than
radiography. Note the cortical destruction along the lateral
aspect of the femur. (d) Oblique frontal radiograph of a
conventional osteosarcoma involving the distal fibular
metaphysis demonstrates a classic “sunburst” appearance
of aggressive periosteal reaction
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form on the edge of the periosteum in a fast-
growing aggressive lesion or process. With
aggressive lesions, the periosteum does not have
time to completely ossify; thus, only the edge of
the raised periosteum will ossify, producing the
characteristic triangular appearance along the
margins of the mass. While this is found often in
osteosarcoma, this type of aggressive periosteal
reaction can be found in many other aggressive
lesions including Ewing sarcoma, osteomyelitis,
metastatic  disease, and other
Osteosarcomas can occasionally appear purely
Iytic and exhibit little no periosteal reaction.

The histologic diagnosis of conventional
osteosarcoma is established based on cells
exhibiting malignant cytologic features associ-
ated with osteoid matrix material (Fletcher et al.
2013; Sanerkin 1980). Conventional osteosar-
coma has a variety of histologic variants includ-
ing osteoblastic, fibroblastic, chondroblastic,
giant-cell rich, clear cell type, and epithelioid, yet
none of these correlate with prognosis (Fig. 2.15)
(Fletcher et al. 2013; Hauben et al. 2002). The
malignant cells and associated osteoid permeate
native bony trabeculae, often exhibiting anapla-
sia and atypical mitotic figures, and coagulative
tumor necrosis involving the native bone trabecu-
lae can be seen (Fig. 2.16). Osteoid matrix can be
very focal or occasionally difficult to distinguish
from other sclerosing sarcomas that produce

sarcomas.

thick collagen matrix. Generally, the role of
immunohistochemistry in the diagnosis of osteo-
sarcomas is limited and many pitfalls are known,
including aberrant expression of markers such as
cytokeratin that can mimic carcinoma (Okada
et al. 2003). In cases where osteoid is scant or not
easily discernible, immunohistochemical stain-
ing for SATB2 can be helpful to confirm bona
fide osteoblastic differentiation (Fig. 2.17)
(Conner and Hornick 2013). Recently, pl6
expression has been shown to be predictive of
tumor response to chemotherapy (Fig. 2.18)
(Borys et al. 2012).

Osteoblastoma, especially aggressive forms,
can show histologic features mimicking conven-
tional osteosarcoma with plump epithelioid cells
that can exhibit cytologic atypia. However, unlike
osteosarcoma, osteoblastoma is typically a
discrete lesion often in the diaphysis and does not
invade surrounding native lamellar bone.

Parosteal osteosarcoma usually involves the
metaphysis of long bones, most frequently the dis-
tal posterior aspect of the surface of the tibia. By
definition, in the absence of dedifferentiation, par-
osteal osteosarcomas are low-grade malignant
neoplasms composed of spindle cells with mild
atypia which may manifest a cartilaginous cap thus
mimicking an osteochondroma. However, paros-
teal osteosarcoma lacks the orderly arrangement
typical of osteochondroma (Unni et al. 1976).

Fig. 2.15 Histologic variants of osteosarcoma. (a)
Osteoblastic osteosarcoma features pleomorphic cells
with abundant osteoid. (b) Chondroblastic osteosarcoma

showing lobules of atypical chondrocytes merging imper-
ceptibly with an area of osteoid deposition in the upper
half of the image
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Fig. 2.16 Histologic features of conventional osteosar-
coma. (a, b) Conventional osteosarcoma is a high-grade
malignancy characterized by cells with nuclear hyper-
chromasia and pleomorphism (a) and lacy osteoid mate-
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Fig.2.17 SATB?2 reactivity in osteosarcoma. (a) SATB2
is a marker of the osteoblast lineage and is typically dif-
fusely reactive in conventional osteosarcoma

rial adjacent to the malignant cells (b right half of the
image). (¢) Coagulative tumor necrosis is a frequent fea-
ture of conventional osteosarcoma

Fig. 2.18 P16 reactivity in osteosarcoma. Diffuse
nuclear and cytoplasmic P16 expression may predict a
favorable response to neoadjuvant chemotherapy
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2.3.5 Metaphyseal Ewing Sarcoma
Versus Small Cell
Osteosarcoma

Small cell osteosarcoma is a poorly differentiated
variant of osteosarcoma. Similar to conventional
osteosarcoma, small cell osteosarcoma most
often occurs in the metaphyseal region of long
bones (Ayala et al. 1989; Green and Mills 2014;
Nakajima et al. 1997) and can appear more lytic,
lacking the typical “cloud-like” mineralization of
the conventional osteosarcoma which contains
more osteoid matrix (Fig. 2.19). Ewing sarcoma

is more commonly diaphyseal and will be dis-
cussed further in Sect. 2.4. However, Ewing sar-
coma can also present as a metaphyseal lesion
with radiographic features that mimic osteosar-
coma, including similar aggressive patterns of
periosteal elevation such as Codman triangle
(Fig. 2.20).

The poorly differentiated histologic appear-
ance of small cell osteosarcoma can closely
mimic Ewing sarcoma. Each of these lesions is
composed of poorly differentiated cells with
scant cytoplasm (Fig. 2.21). The presence of
osteoid produced by tumor cells allows small cell

Fig. 2.19 Radiographic features of small cell osteosar-
coma. (a) An anterior-posterior radiograph of the knee
demonstrates an aggressive lesion with mixed lytic and
sclerotic features and ill-defined margins. In this poorly
differentiated osteosarcoma, the lack of osseous “cloud-
like” mineralization typical of conventional osteosarcoma
can overlap in appearance with an Ewing sarcoma involv-

ing the metaphysis. (b) MRI much better delineates the
soft tissue component and intramedullary involvement
than radiography of this poorly differentiated osteosar-
coma. This coronal T1 post-contrast fat-saturated image
of the distal femur shows a large aggressive destructive
lesion. Note the necrotic component showing lack of cen-
tral enhancement
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osteosarcoma to be distinguished from Ewing
sarcoma (Fig. 2.21a); however, osteoid is typi-
cally scant, corresponding with the radiographic
lack of “cloud-like” mineralization classically
associated with osteoid-rich conventional osteo-
sarcoma. Immunohistochemical staining for
markers such as FLI-1, more often reactive in
Ewing sarcoma (Lee et al. 2011), or osteocalcin
and Galectin-1 that are more often reactive in
small cell osteosarcoma (Machado et al. 2013),
can provide additional support for the diagnosis.
CD99 immunohistochemical staining is variable
and often cytoplasmic in small cell osteosarcoma

(Devaney et al. 1993; Machado et al. 2010). In
contrast, Ewing sarcoma typically shows strong
membranous CD99 reactivity (Fig. 2.22).
However, membranous CD99 reactivity should
not be regarded as diagnostic of Ewing sarcoma
as CD99 reactivity is seen in many other tumor
types, notably synovial sarcoma and lymphoblas-
tic lymphoma. Definitive identification of Ewing
sarcoma is possible based on the presence of spe-
cific chromosomal translocations, most often
involving the EWSRI gene (Fletcher et al. 2013;
Tsokos et al. 2012). Thus, florescent in situ
hybridization (FISH) to detect EWSRI

Fig. 2.20 Ewing sarcoma mimicking osteosarcoma. (a)
An anterior-posterior radiograph of this Ewing sarcoma
shows features that overlap with osteosarcoma. This
aggressive “moth-eaten” lytic-appearing lesion within the
metaphysis of the distal femur demonstrates bony destruc-
tion and a large soft tissue component with a “Codman
triangle” at the superior margin of the soft tissue mass as

well as “hair-on-end” aggressive periosteal reaction. (b) A
coronal post-contrast T1 fat-saturated image of the same
lesion demonstrates the large soft tissue component
extending from the bone, bony destruction, as well as
triangular-shaped enhancement at the superior margin of
the tumor at the site of “Codman’s triangle”
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Fig. 2.21 Similar histologic appearances of small cell
osteosarcoma and Ewing sarcoma. (a, b) Small cell
osteosarcoma (a) and Ewing sarcoma (b) can each be
composed of cells with similar monotonous round nuclei

Fig. 2.22 Immunohistochemical staining for CD99 in
Ewing sarcoma. CD99 reactivity in Ewing sarcoma typi-
cally demonstrates a strong, diffuse membranous pattern.
This pattern is frequent in Ewing sarcoma; however, it is
not specific to Ewing sarcoma

rearrangement and reverse-transcription-medi-
ated polymerase chain reaction (RT-PCR) to
detect the resulting fusion transcript are typically
valuable in confirming the diagnosis of Ewing
sarcoma. Exceptional cases of small cell osteo-
sarcoma have been reported to show EWSRI
rearrangements; however, the identified fusion
gene partners in small cell osteosarcoma have not
been reported in Ewing sarcoma (Debelenko
et al. 2011; Dragoescu et al. 2013).

with scant cytoplasm. Small cell osteosarcoma can be
distinguished from Ewing sarcoma by the presence of
networks of lacy osteoid between the cells (a arrowhead)

2.3.6 Ewing Sarcoma Versus
Lymphoblastic Lymphoma

Ewing sarcoma and non-Hodgkin lymphomas
involving the bone, such as lymphoblastic lym-
phoma, each show histologic features of monoto-
nous infiltrates of round cells and each can grow
in diffuse sheets. Patchy necrosis is often seen in
Ewing sarcoma, typically sparing tumor cells
adjacent to vessels, and dystrophic calcifications
can be seen in areas of necrosis. The cells of
Ewing sarcoma are cohesive, often showing
indistinct cell borders and a small amount of
foamy cytoplasm (Fig. 2.23). In contrast, lym-
phoblastic lymphomas are typically discohesive
with artifactual separation between the cells and
frequently display single-file infiltration or prom-
inent crush artifacts (Fig. 2.24). The differences
between Ewing sarcoma and lymphoma are often
appreciable in aspirate smears or touch prepara-
tions. The cohesive nature of Ewing sarcoma pro-
duces three-dimensional clusters of cells
(Fig. 2.25). Cells of most types of lymphomas
tend to spread in a monolayer, and lymphoglan-
dular bodies are often readily identifiable
(Fig. 2.26).

Immunohistochemical staining to distinguish
Ewing sarcoma from lymphoma can be accom-
plished with specific lymphoid markers. CD4S5 is
typically diffuse in lymphomas, and specific
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Fig. 2.23 Histologic features of Ewing sarcoma. Ewing
sarcoma can display a spectrum of architectural and cyto-
logic features. Ewing sarcoma most often grows in sheets
with occasional calcifications (a empty arrowhead) and
patchy areas of necrosis (a arrow). The vessels within the
tumor can range from thick-walled vessels (a arrowhead)
to thin-walled or delicate sinusoidal-like vessels (b, ¢

markers of B-cell lineage (CD19, CD20) or T-cell
lineage (CD3) can confirm the lymphoid origin
of the tumor. Ewing sarcoma is often character-
ized by reactivity for CD99; however, this repre-
sents a specific diagnostic pitfall in distinguishing
Ewing sarcoma and lymphoblastic lymphomas;
strong membranous CD99 reactivity is a frequent
feature of lymphoblastic lymphomas (Riopel
et al. 1994). Molecular testing, either RT-PCR or
FISH for translocations specific to Ewing sar-
coma, allows definitive identification of Ewing
sarcoma.

2.3.7 Langerhans Cell Histiocytosis
Versus Chronic Osteomyelitis

Langerhans cell histiocytosis (LCH) is a neo-
plasm seen primarily in children and young
adults, typically presenting as a lytic bone lesion
and often involving the skull (Fig. 2.27a)
(Badalian-Very et al. 2013; Egeler and Nesbit
1995; Lieberman et al. 1996). However, LCH
lesions can occur in all locations of long bones;

arrowheads). Cells with round, monotonous nuclei and
scant cytoplasm are characteristic of Ewing sarcoma. The
cytoplasm contains variable amounts of glycogen, typi-
cally producing a foamy appearance with indistinct cell
boarders (d); however, completely clear cytoplasm (e) or
solidly eosinophilic (f) can also be seen

rarely in the epiphysis and more commonly in
the metaphysis or diaphysis. Many bones can be
involved including the mandible, pelvis, ribs
(Fig. 2.27b), and spine. LCH shows a spectrum
of radiographic appearances, with lesions often
having both aggressive and nonaggressive
radiographic features. Metaphyseal lesions gen-
erally appear well circumscribed and lytic in
appearance. The characteristic lesions of LCH
are “punched-out” sharply circumscribed lytic
cortical lesions with a sclerotic rim (Fig. 2.28).
Biopsies of LCH will show abnormal histio-
cytes with distinctive cleaved and “bean-
shaped” nuclei in a background of inflammation
that frequently includes eosinophils (Fig. 2.29).
The broad range of radiographic features of
LCH can overlap with chronic osteomyelitis
(Fig. 2.30). Similarly, the histologic features of
these lesions significantly overlap. Biopsies of
chronic osteomyelitis often contain eosinophils
and reactive histiocytes (Fig. 2.31); however,
the histiocytes of LCH are distinguished by
their characteristic nuclear shape and reactivity
for specific immunohistochemical markers:
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Fig. 2.24 Histologic features of lymphoblastic lym-
phoma. Lymphoblastic lymphoma grows in diffuse sheets
with monotonous cells, similar to Ewing sarcoma (a H&E
10x objective magnification). Lymphoblasts are fragile,
often resulting in crush artifacts (b). Single-file infiltration
of surrounding tissues is also a common feature of lym-

phoma (¢ arrowheads). Lymphomas lack cell-cell junc-
tions characteristic of many malignancies; thus, the
discohesive nature of lymphomas results in visible artifac-
tual spaces between the cells following formalin fixation
and paraffin processing (d arrowheads)

Fig. 2.25 Ewing sarcoma in aspirate smears and touch
preparations. Smear and touch preparations of Ewing sar-
coma typically contain cohesive clusters of cells in three-

dimensional clusters (a). Individual tumor cells are often
stripped of their cytoplasm, with occasional cells retain-
ing their foamy cytoplasm (b)
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Fig. 2.26 Lymphoblastic lymphoma in aspirate smears
and touch preparations. The discohesive nature of lympho-
blastic lymphoma is easily appreciated in aspirate smear
and touch preparations; lymphoblasts typically spread as
monolayer of cells with scant cytoplasm (a). In areas of

smears with fewer cells, the background is seen to contain
broken fragments of cytoplasm, called lymphoglandular
bodies, confirming the lymphoid origin of the neoplastic
cells (b arrowheads)

Fig. 2.27 Radiographic features of Langerhans cell his-
tiocytosis. (a) Langerhans cell histiocytosis (LCH) involv-
ing the skull demonstrates multiple well-circumscribed
lucent lesions with a “punched-out” appearance in this
anterior-posterior view. Given multiple lesions, LCH is

CDla, S-100, and Langerin (Fig. 2.32)
(Chikwava and Jaffe 2004; Geissmann et al.
2001; Nakajima et al. 1982). Microbiologic cul-
tures of the bone lesion may identify the caus-
ative organism of chronic infection (Akinyoola
et al. 2009; White et al. 1995).

high in the differential diagnosis for this young child. (b)
This anterior-posterior view of the chest demonstrates
Langerhans cell histiocytosis of the rib, with an expansile
lucency of the posterior right eighth rib

Erdheim-Chester disease is a rare form of sys-
temic histiocytosis that can involve the metaphy-
sis in adults and is distinguished from LCH or
osteomyelitis by the presence of xanthomatous
histiocytes and multinucleated giant cells
(Diamond et al. 2014).
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Fig.2.28 Langerhans cell histiocytosis involving the
femoral metaphysis. An anterior-posterior radiograph of
the proximal femur demonstrates a well-circumscribed
“punched-out” lytic lesion of LCH with sclerotic rim
within the metaphysis

Fig. 2.29 Histologic features of Langerhans cell histio- irregular often “bean-shaped” contours of the abnormal
cytosis. Langerhans cell histiocytosis is characterized by  histiocyte nuclei (arrowheads) and the many associated
an infiltrate of abnormal histiocytes and associated inflam-  eosinophils (circles)

matory cells (a). High magnification (b) demonstrates the
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Fig.2.30 Langerhans cell
histiocytosis mimicking
osteomyelitis. Anterior-
posterior radiographs of this
femur initially demonstrated
a lytic lesion within the
proximal femoral diaphysis
with surrounding “onion-
skin” periosteal reaction
showing concentric layers
(a). A follow-up radiograph
(b) demonstrates progressive
enlargement of destructive
lytic lesion with ongoing
periosteal reaction.
Osteomyelitis can have a
similar radiographic
appearance
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Fig. 2.31 Histologic features of chronic osteomyelitis.
Chronic osteomyelitis can contain many inflammatory
cell types in varying proportions. These examples show
inflammation containing eosinophils (a circle), neutro-

phils (a, b arrows), plasma cells (a arrowhead), and his-
tiocytes (b arrowhead). Note that the reactive histiocytes
seen in chronic osteomyelitis show predominantly
rounded nuclear contours with occasional irregularity
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Fig. 2.32 Immunohistochemical features of Langerhans cell histiocytosis. The abnormal histiocytes of LCH are

reactive for CD1a (a), S-100 (b), and Langerin (c)

24 Diaphyseal Lesions

A variety of benign and malignant lesions can
involve the diaphysis in children. This section
will discuss Ewing sarcoma, osteomyelitis,
Langerhans cell histiocytosis, periosteal osteo-
sarcoma, osteoid osteoma, osteoblastoma, nonos-
sifying fibroma, and fibrous dysplasia.

2.4.1 Ewing Sarcoma Versus

Osteomyelitis

Ewing sarcoma is a key differential diagnosis for
lesions located in the diaphysis of long bones, as
this is the most common location for Ewing sar-
coma. Ewing sarcoma radiographically appears
aggressive showing a lytic or mixed lytic and
sclerotic lesion. Typical lesions show bone

destruction and a permeative or “moth-eaten”
appearance and often will show aggressive
“onionskin” periosteal reaction of concentric lay-
ers, although can show other aggressive patterns
of periosteal reaction as detailed in Sect. 2.3. On
plain radiographs, the characteristics of Ewing
sarcoma can overlap with osteomyelitis which
can also demonstrate aggressive features
(Fig. 2.33). However, additional imaging by MRI
can demonstrate enhancing soft tissue extension
without abscess, which would be less likely of an
infectious process (Fig. 2.33c). In biopsies,
Ewing sarcoma is readily distinguished from
infection. Ewing sarcoma is composed of monot-
onous cells growing in sheets, in contrast to the
variable lymphocytes, histiocytes, eosinophils,
and neutrophils associated with osteomyelitis.
Vessels within the Ewing sarcoma can range
from delicate thin-walled capillaries to vessels
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Fig. 2.33 Radiographic features of Ewing sarcoma
involving the diaphysis. (a, b) Anterior-posterior and lat-
eral radiographs of Ewing sarcoma of the radius show an
aggressive appearing lesion involving the proximal diaph-
ysis with a permeative, “moth-eaten” appearance of the
lesion within the bone. Aggressive periosteal reaction is
also present, featuring layers of “onionskin” appearing

with a hypocellular fibrous sheath. Patchy necro-
sis is frequent in Ewing sarcoma, typically spar-
ing tumor cells adjacent to vessels, and dystrophic
calcifications can be seen in areas of necrosis.
The tumor cells often show indistinct cell borders
and a small amount of foamy cytoplasm
(Figs. 2.34 and 2.35). Immunohistochemical
staining for CD99 frequently demonstrates
membranous staining (Fig. 2.36), and markers of

periosteal new bone formation as the soft tissue mass
extends from the underlying bone. (¢) An axial post-
gadolinium T1 fat-saturated MRI image of the same
patient demonstrates the large soft tissue component
extending from the underlying diaphysis with cortical
enhancement and bony destruction as well as surrounding
peri-tumoral soft tissue enhancement

neuroectodermal differentiation such as synapto-
physin and neuron-specific enolase show varying
degrees of reactivity (Tsokos et al. 2012). Of
note, membranous CD99 reactivity is a typical
feature of Ewing sarcoma, yet this pattern should
not be regarded as diagnostic. Membranous
CD99 reactivity is seen in many other tumor
types, including synovial sarcoma and
lymphomas.
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Fig. 2.34 Histologic features of Ewing sarcoma. Ewing
sarcoma can display a spectrum of architectural and cyto-
logic features. Ewing sarcoma most often grows in sheets,
with occasional calcifications (a empty arrow head) and
patchy areas of necrosis (a arrow). The vessels within the
tumor can range from thick-walled vessels (a arrowhead)
to thin-walled or delicate sinusoidal-like vessels

(b, ¢ arrowheads). Cells with round, monotonous nuclei
and scant cytoplasm are characteristic of Ewing sarcoma.
The cytoplasm contains variable amounts of glycogen,
typically producing a foamy appearance with indistinct
cell boarders (d); however, completely clear cytoplasm
(e) or solidly eosinophilic (f) can also be seen

Fig. 2.35 Ewing sarcoma in aspirate smears and touch
preparations. Smear and touch preparations of Ewing sar-
coma typically contain cohesive clusters of cells in three-

Post-therapy Ewing sarcoma and osteosar-
coma resection specimens require careful map-
ping to determine the percentage of viable tumor;
several studies have identified necrosis in
response to neoadjuvant therapy as predictor of

dimensional clusters (a). Individual tumor cells are often
stripped of their cytoplasm, with occasional cells retain-
ing their foamy cytoplasm (b)

patient outcome (Bacci et al. 2005; Daugaard
et al. 1989; Delepine et al. 1997; Picci et al. 1997;
Rosito et al. 1999). Margins should be inked, and
bone margins removed prior to sawing the speci-
men into slabs. Orientation of the specimen
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should be noted and identified throughout han-
dling to allow measurements from the gross
tumor to the nearest margins and sampling of the
margins for histologic sections. A central slab
from the tumor should be mapped and submitted
for microscopic examination to determine the
percentage of viable tumor (Fig. 2.37).

Fig. 2.36 Immunohistochemical staining for CD99 in
Ewing sarcoma. CD99 reactivity in Ewing sarcoma typi-
cally demonstrates a strong, diffuse membranous pattern.
This pattern is frequent in Ewing sarcoma; however, it is
not specific to Ewing sarcoma

2.4.2 Langerhans Cell Histiocytosis
Versus Chronic Osteomyelitis

Langerhans cell histiocytosis, as discussed in the
previous section, can occur in many different
bones and in all locations in long bones, most
often within the metaphysis and diaphysis. Given
that LCH can have a varied radiographic appear-
ance from benign to aggressive, as can osteomy-
elitis, LCH and chronic infection involving the
diaphyseal medullary bone can show overlapping
radiographic features. Both may demonstrate an
aggressive lytic lesion with surrounding perios-
teal reaction (Fig. 2.38). The histologic features
can also show significant overlap, with mixed
inflammatory cells including eosinophils and his-
tiocytes (compare Figs. 2.39 and 2.40). The dis-
tinctive bean-shaped nuclei of LCH and reactivity
for specific immunohistochemical markers such
as CDla, S-100, and Langerin can provide
important clues to the correct diagnosis
(Fig. 2.41) (Chikwava and Jaffe 2004; Geissmann
et al. 2001; Nakajima et al. 1982). Microbiologic
cultures of the bone lesion may identify the caus-
ative organism of a chronic infection (Akinyoola
et al. 2009; White et al. 1995).

Fig. 2.37 Specimen mapping of Ewing sarcoma and
osteosarcoma resection specimens. The percentage of
tumor necrosis should be determined in resected sarcoma

specimens following neoadjuvant chemotherapy. A cen-
tral slab of the tumor should be mapped and submitted for
histologic examination
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Fig.2.38 Langerhans cell
histiocytosis mimicking
osteomyelitis. Anterior-
posterior radiographs of this
femur initially demonstrated
a lytic lesion within the
proximal femoral diaphysis
with surrounding “onionskin”
periosteal reaction showing
concentric layers (a). A
follow-up radiograph (b)
demonstrates progressive
enlargement of destructive
lytic lesion with ongoing
periosteal reaction.
Osteomyelitis can have a
similar radiographic
appearance

Fig. 2.39 Histologic features of Langerhans cell histio-
cytosis. Langerhans cell histiocytosis is characterized by
an infiltrate of abnormal histiocytes and associated inflam-
matory cells (a). High magnification (b) demonstrates the

irregular often “bean-shaped” contours of the abnormal
histiocyte nuclei (arrowheads) and the many associated
eosinophils (circles)
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Fig. 2.40 Histologic features of chronic osteomyelitis.
Chronic osteomyelitis can contain many inflammatory
cell types in varying proportions. These examples show
inflammation containing eosinophils (a circle), neutro-

Fig. 2.41 Immunohistochemical features of Langerhans
cell histiocytosis. The abnormal histiocytes of LCH are
reactive for CD1a (a 40x objective magnification), S-100
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phils (a, b arrows), plasma cells (a arrowhead), and his-
tiocytes (b arrowhead). Note that the reactive histiocytes
seen in chronic osteomyelitis show predominantly
rounded nuclear contours with occasional irregularity
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(b 40x objective magnification) and Langerin (¢ 40x
objective magnification)
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2.4.3 Periosteal Osteosarcoma

Periosteal osteosarcoma has a predilection for the
diaphyseal region of long bones unlike parosteal
osteosarcoma, which commonly affects the
metaphysis. Periosteal osteosarcoma predomi-
nantly affects the femur or tibia, and less often
the humerus, radius, ulna, and pelvis (Fig. 2.42).
Histologically, it is composed of lobules of carti-
lage exhibiting cytologic atypia with areas of
osteoid matrix production and mineralization
(Unni et al. 1976). The principal differential
diagnosis includes periosteal chondrosarcoma or
chondroma especially in core biopsy specimens.
In these instances, integrating the radiologic
characteristics of the lesion and the histology is
critical to establishing the correct diagnosis.

2.4.4 Osteoid Osteoma
and Osteoblastoma

Osteoid osteoma and osteoblastoma represent a
spectrum of benign lesions distinguished by their
size; osteoblastomas are currently classified as
lesions 1.5 cm or larger, and smaller lesions are
designated osteoid osteomas (Atesok et al. 2011).
These lesions often present with nocturnal pain
that is classically relieved by NSAIDs, due to inhi-
bition of prostaglandin production (Byers 1968;
Makley and Dunn 1982). Most lesions occur in the
long bones of the lower extremities, though any
bone can be affected (Byers 1968). The most com-
mon location of osteoid osteoma is the femur, and
more often the femoral neck, with the tibia the
next most common bone. They occur less fre-
quently in the upper extremities, but when they do,
they can affect the tubular bones of the hands. Less
commonly they may affect the spine, where they
often occur in the posterior vertebral arch. Imaging
studies of these lesions can demonstrate highly
characteristic features of a central nidus that is
usually surrounded by dense sclerotic bone. The
nidus may be entirely radiolucent or contain a cen-
tral density within the radiolucent nidus. This find-
ing is characteristic, and many lesions may be
treated without a biopsy when findings correlate
with clinical and physical exam findings. However,

Fig. 2.42 Gross appearance of periosteal osteosarcoma.
This periosteal osteosarcoma involving the metadiaphysis
on the periosteal surface of the distal fibula shows a gray-
tan cut surface

the characteristic central nidus can often be
masked by the significant surrounding reactive
sclerosis on radiography (Fig. 2.43), and cross-
section CT imaging may be needed for diagnosis,
which can often adequately demonstrate the char-
acteristic findings (Fig. 2.43). Additionally, oste-
oid osteomas can demonstrate adjacent periosteal
reaction and can mimic other lesions on radiogra-
phy (Fig. 2.44). CT imaging often can demonstrate
the characteristic findings (Fig. 2.44c). When
biopsied, osteoid osteoma and osteoblastoma
show similar histologic features. The central nidus
is composed of vascular tissue with a network of
osteoid (Green and Mills 2014), and the surround-
ing tissue contains woven bone and associated
fibrous tissue (Fig. 2.45).

2.4.5 Nonossifying Fibroma
Nonossifying fibroma (NOF) is a benign fibro-

histiocytic lesion with a sprinkling of osteoclast-
type giant cells. The term metaphyseal fibrous
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Fig. 2.43 Radiographic features of osteoid osteoma. (a)
A lateral radiograph of the distal tibia and ankle demon-
strates fusiform cortical thickening involving the posterior
cortex of the distal tibial diaphysis with the suggestion of
central radiolucency. These findings can overlap with
stress fracture, and given clinical concern for osteoid oste-

defect is used when the lesion is cortically based
and NOF when there is medullary involvement.
This lesion is histologically indistinguishable
from benign fibrous histiocytoma which by defi-
nition is typically diaphyseal in location (Fletcher
et al. 2013). Histologically, it is composed of
bland spindle cells in storiform arrays with asso-
ciated osteoclast-type giant cells (Fig. 2.46). On
occasion xanthomatous areas as well as
hemosiderin-laden macrophages could be seen.
This pattern could mimic fibrohistiocytic areas in
a giant cell tumor and in fact may be histologi-
cally indistinguishable.

2.4.6 Fibrous Dysplasia

Fibrous dysplasia is not a true neoplasm, although
it can mimic a bone tumor or a bone cyst, espe-
cially when it is unifocal and causes localized
expansion of the bone. Any bone may be affected;
however, most commonly it affects the craniofa-
cial bones (often the skull base), rib, or long
bones (most often the femur). Fibrous dysplasia
is more often monostotic although it can be poly-
ostotic, especially in the setting of McCune-
Albright and Mazabraud syndromes (Fletcher
et al. 2013; Ippolito et al. 2003). Lesions may be

oma, CT was performed. (b) Axial CT image of the lower
extremity centered at the tibial lesion demonstrates the
cortical lesion within the tibial diaphysis demonstrates
characteristic findings of an osteoid osteoma showing a
radiolucent nidus with small central density surrounded
by dense sclerotic bone

metaphyseal, diaphyseal, or spanning both
regions and will spare the epiphysis before phy-
seal fusion. Radiographically, fibrous dysplasia
in long bones causes expansion of the medullary
cavity with endosteal scalloping, however, with-
out bone destruction or periosteal reaction, bar-
ring pathologic fracture. The lesions may
demonstrate coarse trabeculation and a thin scle-
rotic margin, forming a sclerotic “rind” about the
lesion. Bowing of the affected bone may also
occur. Within the lesion itself, fibrous dysplasia
typically ranges from radiolucent to a “ground
glass” appearance depending on the density of
internal matrix (Fig. 2.47).

Fibrous dysplasia can result in a significant
mass, yet with a distinct boundary from the sur-
rounding native lamella bone (Fig. 2.48). Sharp
circumscription is an important observation, as it
helps to distinguish fibrous dysplasia from cen-
tral low-grade osteogenic sarcoma which can
have a “fibrous dysplasia-like” morphology and
prominent gross and microscopic infiltration into
surrounding normal bone. Histologically, fibrous
dysplasia consists of a proliferation of irregular
bone trabeculae and bland spindle cells without
cellular atypia. The absence of osteoblastic rim-
ming helps to distinguish it from another histo-
logic mimic, osteofibrous dysplasia (Fig. 2.49).
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Fig.2.44 Radiographic features of osteoid osteoma with
periosteal reaction. (a, b) Anterior-posterior (a) and lat-
eral (b) views of the proximal femur demonstrate a lucent
lesion with surrounding sclerosis and adjacent periosteal
reaction within the femoral neck. Other lesions, including
LCH and infection, could have a similar appearance. (c)

CT imaging of this same lesion demonstrates characteris-
tic findings of osteoid osteoma. An axial CT image of the
femoral neck centered at the lesion shows characteristic
findings of an osteoid osteoma with a radiolucent nidus
and small central density surrounded by sclerotic bone
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Fig. 2.45 Histologic features of osteoid osteoma and
osteoblastoma. Osteoid osteoma and osteoblastoma show
identical histologic features. The area surrounding the
nidus represents the majority of the lesion and is com-
posed of irregular woven bone with associated fibrovascu-
lar tissue. The woven bone is lined by osteoblasts
(arrowheads) and occasional osteoclasts (arrow)

Fig. 2.46 Histologic features of nonossifying fibroma.
Nonossifying fibroma is composed of bland spindle cells
arranged in storiform arrays with occasional multinucle-
ated cells present

Fig. 2.47 Radiographic features of fibrous dysplasia. An
anterior-posterior radiograph of the proximal tibia demon-
strates a benign appearing slightly expansile lesion within
the proximal tibia extending from the metaphysis into the
diaphysis. The lesion demonstrates a “ground glass”
appearance, with endosteal scalloping and a thin sclerotic
border forming a “rind” about the lesion as well as mild
lateral bowing of the diaphysis; all characteristic features
of fibrous dysplasia
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Fig. 2.48 Gross appearance of fibrous dysplasia. This
example of fibrous dysplasia involving the rib shows an
expansile mass with a gray-tan fibrous cut surface. Note
the sharp circumscription from the surrounding bone

2.4.7 Adamantinoma Versus
Osteofibrous Dysplasia

Adamantinoma is a rare malignancy with a predi-
lection for the tibial diaphysis and less often the
fibula. In radiographs, adamantinoma appears as
an expansile mass with mixed lytic and sclerotic
features (Fig. 2.50). Adamantinoma is a histo-
logically distinct biphasic low-grade malignant
tumor with two histologic types: classic adaman-
tinoma and osteofibrous dysplasia-like (differen-
tiated) adamantinoma (Fletcher et al. 2013). The
classic type can exhibit four different pheno-
types: (1) basaloid, (2) tubular, (3) spindle, and

Fig. 2.49 Histologic features of fibrous dysplasia. (a)
Low-power showing a proliferation of woven bone and
spindle cells. The process is localized and does not invade
surrounding larger native trabeculae in the lower left. (b)
Irregular woven bone trabecular sometimes compared to

“Chinese characters.” The spindle cell component shows
bland cytologic features. (¢) High-power view illustrating
absence of osteoblastic rimming in the bone trabeculae.
Osteoblastic rimming is a consistent feature of osteofi-
brous dysplasia
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Fig. 2.50 Radiographic and gross features of adamanti-
noma. (a, b) This adamantinoma of the left tibia, seen in
anterior-posterior (a) and lateral (b) radiographs, shows
an expansile mixed lucent and sclerotic lesion involving

the medullary cavity of the distal diaphysis of the left
tibia. (¢) Gross image showing a cut surface with variable
solid gray-tan areas
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Fig. 2.51 Histologic features of adamantinoma. (a, b)
Histologic sections showing malignant epithelial cells
arrayed in a tubular pattern invading lamellar bone. (c)
Cytokeratin AE1/AE3 staining shows diffuse cytokeratin

(4) squamous. Usually, most tumors show vari-
able combinations of different phenotypes
(Fletcher et al. 2013). The basaloid pattern bears
a striking resemblance to ameloblastoma of the
jaw and consists of nests of epithelioid cells with
peripheral palisading. The tubular phenotype
consists of nests of epithelial cells forming tubu-
lar structures arrayed in a fibrotic stroma
(Fig. 2.51). The spindle cell pattern can mimic a
spindle cell sarcoma with cellular sweeping fas-
cicles but typically lack the peripheral palisading
seen in the basaloid pattern. The squamous pat-
tern is often seen in the background of basaloid
histomorphology with keratin pearls that can
mimic squamous cell carcinoma.
Immunohistochemically, the epithelial cells
express cytokeratin (particularly the basal type

reactivity limited to the epithelial cells. (d) Vimentin-
staining highlights both the epithelial and mesenchymal
components

CK7, CKl14, and CK19), vimentin, epithelial
membrane antigen, p63, and podoplanin (D2-40)
(Fig. 2.51) (Benassi et al. 1994; Czerniak et al.
1989; Dickson et al. 2011; Fletcher et al. 2013;
Kashimaetal.2011; Sweetetal. 1992). Recurrent
chromosomal abnormalities involving chromo-
somes 7, 8, 12, 19, and 21 have been described
similar to osteofibrous dysplasia, suggesting pos-
sible histogenetic relationship (Bridge et al.
1994).

Osteofibrous dysplasia (OFD) is a rare lesion
with a predilection for the tibia and fibula with
significant radiographic overlap with adamanti-
noma. It occurs most commonly in the first two
decades of life and on occasion at birth (Most
et al. 2010). Clinically, patients present with
swelling, anterior deformity, or pain especially if
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Fig. 2.52 Histologic features of osteofibrous dysplasia.
(a) Osteofibrous dysplasia is characterized by bony tra-
beculae within a fibrous stroma. Epithelial nests are
absent. (b) Bony trabeculae show prominent osteoblastic

there is associated fracture. The radiologic
appearance is usually nonaggressive and com-
posed of multiloculated radiolucent expansion of
the diaphyseal anterolateral cortex which may
sometimes involve the medullary cavity but not
soft tissue. The natural history of OFD is
principally slow growth and eventual stabiliza-
tion on attainment of skeletal maturity.

Grossly, OFD is a heterogeneous intracortical
lesion composed of gritty white-yellow tissue.
Histologic sections typical show bony trabeculae
rimmed by osteoblasts with intervening fibrous
tissue (Figs. 2.52 and 2.53). Osteoblastic rim-
ming of bony trabeculae is a key feature that dis-
tinguishes OFD from fibrous dysplasia and
location of the lesion combined with the presence
of osteoblastic rimming facilitates prompt dis-

rimming, characteristic of osteofibrous dysplasia. (¢) The
fibrous component of osteofibrous dysplasia shows bland
spindle cells in vague storiform arrays. No mitotic figures
or cellular atypia are present

tinction of these lesions. By definition, discern-
ible nests of epithelial cells are absent in OFD,
distinguishing it from classic or differentiated
adamantinoma. Immunohistochemical studies
have demonstrated the presence of cytokeratin-
positive cells in OFD (Benassi et al. 1994; Sweet
et al. 1992) and cytogenetic studies have shown
trisomies of chromosomes 7, 8, 9, and 12, sug-
gesting that OFD may represent a clonal precur-
sor of adamantinoma (Bridge et al. 1994)
(Fig. 2.44).

The principal histologic differential diagnosis
of OFD is osteofibrous dysplasia-like or
differentiated adamantinoma. This can be espe-
cially challenging as both lesions share similar
demographics, distribution, and radiographic and
histologic features (Fig. 2.54). Osteofibrous



46

O.H. lwenofu et al.

Tibia

y

Osteofibrous Dysplasia

Osteofibrous Dysplasia-like
Adamantinoma

| Adamantinoma

< 20yr

Anterior Tibia

Nests of keratin positive
epithelial islands~90%
Trisomies of Chromosomes
7,8,12

* <20yr

.
.

.
.

Benign, Gradual Growth
& Stabilization

Observation

Anterior Tibia

Confluent foci of keratin
positive epithelial islands
Trisomies of Chromosomes
7,8,12,19 and/or 21

< 20yr

Anterior Tibia

Biphasic epithelial and
spindle morphology
Trisomies of Chromosomes
7, 8,12, 19 and/or 21

Malignant
Recurrence/Metastasis

Resection / Amputation

Fig. 2.53 A summary of the possible relationship between OFD, OFD-like adamantinoma and classic adamantinoma

dysplasia-like adamantinoma is a rare or poorly
understood variant of adamantinoma that is char-
acterized by OFD features with that nests of epi-
thelial cells are seen present in a stroma similar to
OFD (Fig. 2.55). Czerniak et al. believe this vari-
ant to represent a regressing form of classic ada-
mantinoma (Czerniak et al. 1989). However, this

variant is not known to metastasize. OFD-like
adamantinoma closely mimics OFD, with the
exception of nests of epithelial cells. By immu-
nohistochemistry, confluent areas of cytokeratin-
positive cells are easily demonstrated, much
more extensively than the small nests of cytoker-
atin cells in OFD (Fig. 2.55).
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Fig. 2.54 Radiographic features of osteofibrous  tibia with medullary involvement. (¢, d) Post-contrast fat-
dysplasia-like adamantinoma. (a, b) Anterior-posterior  saturated sagittal (c¢) and axial (d) views show a uniformly
(a) and lateral (b) and radiographs of the right tibia in this  enhancing nonaggressive solid lesion centered in the cor-
13-month-old male show an expansile geographic tex with medullary involvement

v-shaped cortically based lesion in the diaphysis of the
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Fig. 2.55 Histologic features of osteofibrous dysplasia-
like adamantinoma. (a) Histologic sections of osteofi-
brous dysplasia-like adamantinoma show a central cellular
spindle cell proliferation with bony trabeculae. (b)
Hyperchromasia of the spindle cells but without epithelial
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Abstract

Biopsy of a possible malignant bone sarcoma is
the final most important planning procedure
prior to the initiation of treatment. The overall
goal of the biopsy is to obtain diagnostic tissue
in the least invasive way possible. This will
minimize possible complications. Very specific
techniques must be followed in order to mini-
mize these complications. Specialized training
in performing a biopsy for a malignant bone
tumor is of utmost performance to diminish risk
of the biopsy and minimize the amount of tissue
that must be resected with the definitive treat-
ment procedure. When the physician follows
standard algorithms in performing the biopsy,
the risk of complications is decreased by 5-fold.
This procedure is best performed in the setting
of a multidisciplinary tertiary treatment center
with involvement from a radiologist, patholo-
gist, and subspecialty trained surgeon.

3.1 Basic Principles

The biopsy is the penultimate treatment planning
procedure in the management of bone sarcomas.
In accordance with its importance in the diagnos-
tic process, it must be performed in a very precise
way using definitive techniques. The overall goal
of the biopsy is to obtain diagnostic tissue in the
most minimal way possible to avoid contamination
of additional tissue and not complicate eventual
planned resection. A biopsy should be preceded
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by a thorough clinical and radiographic evaluation
(Errani et al. 2013). A multidisciplinary team
including a radiologist, pathologist, and surgeon
should consult as a team to develop an appropriate
differential diagnosis prior to proceeding with the
procedure. Several technical considerations must
be followed without deviation in order to prevent
possible unintended complications in the biopsy
procedure. The biopsy incision must be performed
in line with the definitive surgical resection inci-
sion and in a longitudinal rather than transverse
direction. This approach allows for optimal post-
operative reconstruction options and prevents
unnecessary functional loss during tumor resec-
tion. In general, the biopsy tract should be consid-
ered contaminated with tumor cells and thus
should be planned to be resected during the defini-
tive procedure. At best a poorly placed biopsy
incision can add morbidity by requiring additional
resection of non-involved tissues and at worst can
lead to an unnecessary amputation. Strict hemo-
stasis must be maintained at all times during the
biopsy as excess bleeding can contaminate normal
tissues that will need to be resected to clear the
additional tumor burden. Diagnostic tissue must
also be obtained during the procedure, usually
confirmed by performing a frozen section in con-
junction with the pathologist. This caution pre-
vents a potentially unnecessary second procedure
if there is a problem such as a completely necrotic
or non-diagnostic specimen. Multiple samples
should be obtained as these malignancies can be
heterogeneous in nature. Two studies performed
by the Musculoskeletal Tumor Society, initially in
1982 and subsequently in 1996, demonstrated that
the risk of complications from a biopsy performed
by a non-tertiary sarcoma team is five times higher
than having the biopsy performed at a tertiary
referral center by an experienced sarcoma team
(Mankin et al. 2006). The rate of major errors in
this study was 13.5 %, the rate of complications
was 15.9 %, and the rate of potentially avoidable
amputation was 3 % (Mankin et al. 1996).

3.2 Initial Workup

The diagnosis of all potential masses is obtained
through taking a comprehensive history, per-
forming a thorough physical exam, obtaining

appropriate cross-sectional imaging, and review-
ing histologic material (when indicated). An
accurate differential diagnosis can usually be for-
mulated after the history and physical is per-
formed. Jaffe wrote in his textbook on
musculoskeletal tumors in 1958 that the biopsy
should be regarded as the final diagnostic proce-
dure and not a shortcut to the diagnosis.
Appropriate imaging can help narrow the differ-
ential, and then, if tumor is still suspected, histo-
logic analysis will usually confirm the
diagnosis.

Pertinent questions include: how long has
the mass been present? Stability over time
favors a benign diagnosis, as sarcomas usually
grow rapidly over a period of weeks to months
(of course, there are exceptions to every rule).
Is it painful? A constant, dull, unrelenting pain
is common with bone sarcomas. Night pain that
awakens the patient from sleep is also described
(Guillon et al. 2011). Is there any history of
trauma or prior history of cancer? Trauma may
result in the development of myositis ossificans
or a calcified hematoma. Also, occasionally
trauma or injury may draw attention to a previ-
ously existing mass. Are there any concurrent
systemic symptoms? Osteosarcomas rarely
presented with additional or constitutional
symptoms, but Ewing sarcomas may present
with fevers, malaise, and other flu-like
symptoms.

Once a complete history has been obtained,
a physical exam is performed. Specific to the
mass, important characteristics are: size, depth,
consistency, and mobility. A fixed mass may sug-
gest an underlying bony origin. The neurovascu-
lar exam of the affected extremity should be
documented, as should the range of motion and
function of the limb.

3.2.1 Laboratory Studies

There are no specific laboratory studies that are
of significant benefit in the evaluation of poten-
tially malignant bone sarcomas. Infectious pro-
cesses can manifest with an elevated white blood
cell count, erythrocyte sedimentation rate, and
C-reactive protein. Lactate dehydrogenase levels
can be elevated in small round blue cell tumors.
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Alkaline phosphatase could be elevated and
prognostic in osteosarcomas (Moore and Luu
2014). Calcium and phosphorus levels can be
abnormal in tumoral calcinosis and uric acid lev-
els can be elevated in gout. In general, these tests
are non-specific and are of limited use in the eval-
uation of bone sarcomas.

The decision to proceed with imaging and/or
biopsy is made after performing a history and
physical exam. Reassuring findings that can lead
to continued conservative observation include:
absence of pain, stability of size, incidental find-
ing, and masses that develop after trauma. Any
mass in which the diagnosis is in question should
be worked up further with imaging and/or biopsy.

3.2.2 Imaging Studies

The initial imaging study should consist of plain
radiographs in two planes. Aggressive features
(periosteal reaction, bone destruction, malignant
osteoid formation) can usually be readily identi-
fied on radiographs (Fig. 3.1). After x-ray, mag-
netic resonance imaging (MRI) with gadolinium
enhancement is the modality of choice for diag-
nostic evaluation. Proximity of neurovascular
structures, extent of marrow involvement, param-
eters of soft tissue extension, and potential skip
lesions can all be detected on MRI. Whole body
bone scan or PET scan can be utilized to screen
for distant metastases. Other uses for PET in the
diagnosis and prognosis of these tumors are still
being defined (Bastiaannet et al. 2004).

3.3  Types of Biopsy

After the initial workup is complete, the physi-
cian must decide whether to proceed with biopsy
for tissue diagnosis. Only lesions that are defini-
tively benign based on physical exam or imaging
characteristics can avoid biopsy. All other lesions,
or lesions in which the diagnosis is unclear
should undergo tissue sampling. Adequate pre-
operative imaging is crucial to formulate proper
differential and biopsy approach. The imaging
should not be older than 4-6 weeks as malignant
tumors can rapidly grow. Once the decision to
proceed with biopsy has been made, there are

Fig. 3.1 Plain radiograph of the knee demonstrating an
aggressive appearing lesion in the distal femur. Note the
bone destruction, osteoid formation, and periosteal
reaction

several potential methods that can be employed
to obtain the tissue. Before the biopsy is per-
formed, the definitive resection should be consid-
ered to allow proper placement of the biopsy
tract. If the performing surgeon is not comfort-
able with the definitive surgical resection, then
they should not perform the biopsy and should
refer the patient to a specialized center
(Springfield and Rosenberg 1996). The main
consideration is to use the technique that will
provide the highest diagnostic accuracy while
minimizing complications. Choices of biopsy
method include: fine needle aspiration (FNA),
core needle biopsy, open incisional biopsy, and
excisional biopsy.

3.3.1 Fine Needle Aspiration

Fine needle aspirations typically use 22- to
25-gauge needles and several passes are made
into the periphery of the tumor. There are several
distinct advantages of fine needle aspiration over
other biopsy methods. It is less costly, can be per-
formed in the office without anesthetic, and an
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Fig. 3.2 Example of sample obtained from fine needle
aspiration (FNA). The office-based biopsy yields a small
sample of cells

immediate answer can be secured during the
patient’s office visit (Kaffenberger et al. 2010).
Image guidance is not needed for FNA of palpa-
ble lesions that are safely away from vital under-
lying structures such as blood vessels but
non-palpable lesions are better biopsied with
image guidance. Either an ultrasound or a CT
scanner can be used as the imaging modality of
choice depending upon the expertise of the physi-
cian performing the biopsy. The main limitation
of the fine needle aspiration is that it does not
provide the evaluation of the tissue architecture
(Fig. 3.2). A recently published study reported a
diagnostic sensitivity and specificity of 89 %
with fine needle aspiration (Ng et al. 2010). Other
manuscripts have presented lower success rates
with 79 % sensitivity and 72 % specificity
(Kasraeian et al. 2010). These two studies dem-
onstrate the most important rate-limiting step
involved with the accuracy of FNA biopsy for
musculoskeletal tumors, an expert cytopatholo-
gist. If there is no well-trained cytopathologist
within the institution, utilization of fine needle
aspiration biopsy is not a realistic option for
diagnosis.

3.3.2 Core Needle

A second type of needle biopsy, called core nee-
dle biopsy, is slightly more invasive than a fine
needle aspiration but can still be performed in

the office without the need for surgical interven-
tion (Adams et al. 2010). A 14-gauge needle is
utilized. In this technique a local anesthetic is
necessary. This additional needlestick mini-
mally increases the risk of complication such as
an allergic reaction. The costs of a core needle
biopsy is slightly higher than FNA secondary to
increased tissue handling needs that are required
for its successful completion, but still much less
than an open biopsy (Skrzynski et al. 1996).
This biopsy technique can be performed either
with or without image guidance depending
upon the presence of a non-palpable or palpable
mass. A recently published paper has also docu-
mented the sensitivity and specificity of this
technique at 79 % and 82 % respectively
(Kasraeian et al. 2010). Based on these success
rates, a trained musculoskeletal pathologist,
rather than a cytologist, is a minimum require-
ment and there is an additional cadre of patholo-
gists that have been required to have the
expertise to evaluate this type of specimen
(Heslin et al. 1997).

3.3.3 Open Surgical Biopsy

Open biopsy is the gold standard technique as a
study when diagnostic tissue for a bone lesion is
required (Kasraeian et al. 2010). This procedure
provides additional volume of the available spec-
imen as well as a generally higher sensitivity and
specificity with respect to diagnosis (Fig. 3.3).
A representative sample is taken through the
smallest possible longitudinal incision. It does
have some downsides though; the risk of infec-
tion is higher, the cost is higher, and the risk of
bleeding complications is increased. Additional
bleeding within the wound bed can cause the pos-
sibility of further contamination by malignant
cells. Any resultant hematoma should be consid-
ered contaminated and must be resected with the
eventual definitive procedure. In addition, an
open biopsy must be performed in an operating
room using strict aseptic technique. The use of an
operating room has additional costs as well.
There are two types of open biopsy that can be
performed. An excisional biopsy is performed by
removing the entire tumor. An incisional biopsy
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Fig. 3.3 Example of open biopsy demonstrating an
osteosarcoma. Compared to an FNA, the open biopsy
yields more tissues, and cellular architecture of the tumor
can be analyzed

removes a portion of the tumor to obtain diagno-
sis, and is the most common biopsy used for the
diagnosis of bone sarcomas. It can be combined
with frozen section analysis to ensure that diag-
nostic tissue has been obtained. It is generally
accepted that the extraosseous component of the
tumor is representative of the diagnosis and is
adequate. Sampling of the intraosseous portion
requires violation of the bone cortex and may
pre-dispose the patient to pathologic fracture.
This should only be done if there is no extraosse-
ous portion. If the intraosseous portion requires
sampling, the smallest corticotomy needed to
gain diagnosis should be used.

An excisional biopsy should only be consid-
ered as the correct initial procedure to obtain
diagnostic tissue if all cross-sectional imaging
studies demonstrate and are definitive for the
presence of a benign lesion such as an osteo-
chondroma. Specimen sent for culture must
also occur whenever infection is in the clinical,
radiographic, or histologic diagnostic differen-
tial diagnosis. If the diagnosis is in question at
the time of planned resection, frozen section
should again be used. When frozen section
analysis does not allow for a definitive diagno-
sis to be made, the procedure should be
stopped, the wound closed, and further surgical
intervention to be planned after the pathologist
has provided a final diagnosis. Exact hemosta-
sis is an absolute requirement to prevent bleed-

ing and wider contamination of the surrounding
soft tissues by malignant cells. Proper biopsy
procedure must be followed to prevent a wider
resection and even possibly an unnecessary
amputation.

3.4  Pitfalls/Complications

The main complications to be considered during
biopsy include non-diagnostic tissue, hematoma,
infection, and pathologic fracture. The rates of
each of these are different based on the technique
of biopsy employed.

Non-diagnostic samples can be avoided with
the use of frozen section, which allows real-time
evaluation of the sample to ensure viable tissue.
The rate of non-diagnostic samples increases
with the less invasive (FNA and core needle)
types of biopsies (Mankin et al. 1996; Kasraeian
et al. 2010). In addition, with any of the tech-
niques, multiple passes in different directions
should be obtained to minimize non-diagnostic
procedures.

Hematomas can occur when strict hemostasis
is not obtained at the time of the biopsy. For
malignant tumors, any resultant hematoma must
be considered contaminated with tumor cells and
must be resected with the definitive surgery. This
complication may lead to a larger surgery, more
functional loss, and potentially amputation
(Mankin et al. 2006).

The risk of infection also increases with the
magnitude of the biopsy. The risk is minimal
with FNA or core needle, but has been reported to
be up to 10 % for open biopsy. This is an impor-
tant consideration because an acquired infection
will likely lead to a delay of chemotherapy.

Pathologic fracture is another complication
that can lead to devastating outcomes and poten-
tially amputation. This risk is minimized by uti-
lizing the minimal invasive technique possible to
obtain adequate tissue for diagnosis, and also tak-
ing the sample from the extraosseous mass. If a
corticotomy is required for diagnosis, the small-
est hole possible with rounded edges should be
used to minimize fracture risk. Rounded ends
provide more residual strength compared to
squared corners (Clark et al. 1977).
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Conclusion

The goal of the biopsy is to obtain diagnostic
tissue while minimizing complications such as
tissue contamination, delay of future treatment,
and pathologic fracture. The appropriate biopsy
technique in individualized for the patient based
on the location and the size of the tumor.
Choices include fine needle aspiration, core
needle, and open surgical biopsy. Each is asso-
ciated with risks and benefits, but in general, the
minimal technique that will provide the highest
diagnostic accuracy should be employed.
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Abstract

One of the most important prognostic variables
for patients with primary bone malignancy is the
presence or absence of metastatic disease at pre-
sentation. About 20 % of patients with osteosar-
coma, and 25 % of patients with Ewing’s
sarcoma will have metastases at presentation,
and the lung is the most common site of distant
involvement for both diseases. The sensitivity of
modern imaging techniques has allowed the
identification of tiny lung nodules in cancer
patients, including many which may not be
malignant at all and may actually represent scar-
ring from prior infection or small lymph nodes.
Because the impact of pulmonary involvement
on prognosis and management in primary bone
sarcoma patients is profound, it is important to
characterize the lesions as completely as possi-
ble when they are identified. In this section, the
imaging characteristics, identification strategies,
effects on management, and indications for
biopsy of lung nodules in patients with bone
malignancy are reviewed.

4.1 Introduction

Patients with primary bone malignancy who pres-
ent with metastatic disease continue to have very
poor outcomes regardless of what systemic che-
motherapeutic or local control strategies are uti-
lized. Approximately 20 % of patients with
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osteosarcoma (OS) and 25 % of Ewing’s sarcoma
(EWS) patients present with metastatic disease,
and the most common site of involvement for both
is the lungs (Meyers and Gorlick 1997; Grier 1997,
Volker et al. 2007). Not only does the presence of
lung disease have a profound impact on prognosis,
it also heavily influences the therapeutic approach
to these patients, with both immediate and long
term implications for the affected individuals. With
advancements in imaging technology, an important
part of planning treatment for bone tumor patients
is the interpretation of pulmonary nodules identi-
fied during the initial evaluation. In this chapter,
methods of pulmonary imaging are reviewed, as
well as the clinical impact of lung disease on
patients with OS and EWS.

4.2 Methods of Imaging

the Lungs in Pediatric Bone
Tumor Patients

4.2.1 Computed Tomography
Computed tomography (CT) is generally utilized
as the primary method of evaluating for pulmo-
nary involvement. CT has been shown to be more
reliable in the identification of lung nodules than
chest x-ray, and modern multi-detector high-
resolution techniques have demonstrated ade-
quate sensitivity and specificity in the
identification of pulmonary lesions (Cohen et al.
1982; Franzius et al. 2001). Pulmonary imaging
with this modality is generally performed without
contrast, unless known or suspected lesions are
adjacent to the mediastinal vessels, and it is
important that imaging be obtained before a
sedated procedure is performed to avoid false
positive results from atelectasis. Malignant lung
nodules are typically well demarcated, ovoid or
round lesions most often seen at the periphery
(Fig. 4.1) (Herold et al. 1996). CT imaging is not
perfect however, and several limitations in its use
have been identified. The cost and radiation expo-
sure of CT are considerably higher than that of
plain chest radiographs, particularly when multi-
ple studies are obtained over time. Also, it has
long been held that CT underestimates the num-
ber of metastatic lesions in the lung identified at

Fig.4.1 A single, calcified metastatic osteosarcoma nod-
ule in the left lung (identified with arrow)

Fig.4.2 A single, biopsy-proven benign left lung nodule
(identified with arrow)

thoracotomy for patients with osteosarcoma, and
a recent analysis confirmed that this continues to
be the case despite more precise imaging proto-
cols (Parsons et al. 2004; Cerfolio et al. 2009;
Ellis et al. 2011). Conversely, the significance of
small nodules identified on CT can be unclear,
particularly in older adolescents, young adults,
and those living in areas with endemic fungal
infections. In fact, for patients with osteosar-
coma, up to 24 % of previously identified nodules
may be benign at the time of definitive resection,
especially small nodules (<5 mm) along the fis-
sures which tend to be lymph nodes rather than
tumor (Fig. 4.2) (Bacci et al. 2008). Factors asso-
ciated with an increased likelihood of represent-
ing true malignancy include nodule size >5 mm,
more than three total nodules, bilateral involve-
ment, peripheral location, and the presence of
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Fig.4.3 Multiple metastatic Ewing nodules

calcifications for patients with osteosarcoma
(Fig. 4.3) (Absalon et al. 2008; Brader et al. 2011;
Murrell et al. 2011).

4.2.2 FDG-PET

BF-fluorodeoxyglucose positron emission tomog-
raphy (FDG-PET) is increasingly being used as a
staging tool for patients with cancer, including
malignant bone tumors. Unfortunately, while tra-
ditional FDG-PET is very useful in the evaluation
of chemotherapeutic response and is an excellent
screening tool for lymph node and bone metasta-
ses, its utility in the evaluation of lung nodules is
limited. A standardized uptake value (SUV) of 2.5
has been used as a cut off to distinguish benign
from malignant lesions (Cistaro et al. 2012).
Multiple studies have demonstrated the sensitivity
of FDG-PET in the identification of malignant
lung nodules to be inferior to that of CT, especially
for smaller lesions (Franzius et al. 2001; Volker
et al. 2007; Fortes et al. 2008). It is particularly
unreliable for nodules less than 8—10 mm in size,
with reported sensitivity rates as low as 25-29.6 %
(Absalon et al. 2008; Brader et al. 2011). The addi-
tion of computed tomography to FDG-PET (FDG-
PET/CT) has allowed improved accuracy in the
evaluation of lung nodules with this modality.
Sensitivity and specificity rates of 90.3 % and
87.5 %, respectively, have been reported with
PET/CT, but unfortunately, this modality still dem-
onstrates limitations in the evaluation of tiny nod-
ules less than 6 mm in size (Cistaro et al. 2012).

4.3 Management of Lung
Nodules
4.3.1 Management of Lung Nodules

in Osteosarcoma Patients

As previously noted, about 20 % of patients will
present with identifiable metastatic disease at
diagnosis, with pulmonary disease being present
in over 80 % of these cases (Kempf-Bielack et al.
2005). Without systemic therapy, more than 80 %
of patients will develop lung recurrence regardless
of local surgery (Link et al. 1986). Unfortunately,
patients with metastatic disease have a dismal
outcome overall, with long term survival rates of
less than 20 % (Mialou et al. 2005). Several fac-
tors have been identified that influence outcomes
in OS patients with lung disease, including the
total number of nodules, unilateral or bilateral
involvement, and the ability to achieve a com-
plete surgical resection. Presenting with more
than three to five pulmonary nodules has consis-
tently been identified in several studies as being
associated with inferior survival (Buddingh et al.
2010; Chen et al. 2008; Bacci et al. 2008; Daw
et al. 2006). For those with three or fewer nod-
ules, 5 year overall survival rates of 40 % or
greater have been described in some analyses, as
compared to less than 15 % for those with higher
numbers of nodules. Likewise, bilateral involve-
ment has been shown to confer a worse prognosis
for OS patients, with 5 year disease-free survival
rates of less than 10 % having been reported for
those with bilateral lung metastases at presenta-
tion (Bacci et al. 2008). It has also been reported
that patients who present with centrally located
nodules (defined as lesions adjacent to a first
degree bronchus or blood vessel) have an inferior
prognosis compared to those with peripheral
lesions (Letourneau et al. 2011b).

The therapeutic intervention that has been shown
to have the most significant impact on survival for
patients with pulmonary metastases is the ability to
achieve a surgical complete remission. While che-
motherapy is necessary for any attempt at cure for
patients with OS, without resection of all lung dis-
ease long-term disease survival is nearly impossible
(Bacci et al. 2008; Buddingh et al. 2010; Kager
et al. 2003). The accepted surgical approach to lung
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nodule resection is via thoracotomy, which allows
for direct palpation of lung tissue to identify lesions
not identified on pre-operative imaging. Despite
advancements in imaging technology, studies con-
tinue to demonstrate that CT often underestimates
the number of nodules found when thoracotomy is
performed (Kayton et al. 2006; Cerfolio et al. 2009).
Thus, while thorascopic approaches to nodule
resection may have less morbidity, the importance
of complete surgical resection of all metastatic dis-
ease continues to support thoracotomy as the stan-
dard for the management of OS patients (Castagnetti
et al. 2004). Thoracoscopy may have a role when
the diagnosis of metastatic disease is in question and
the nodules are large enough to be amenable to this
approach. The role of bilateral thoracotomy in the
management of patients who present with unilateral
disease continues to be an area of debate. Data on
the optimal management of patients with unilateral
disease at presentation is lacking, but a report pub-
lished by Su et al. supported the performance of a
contralateral thoracotomy for patients who recurred
with unilateral disease less than 2 years from diag-
nosis. In this study, seven of nine (78 %) of patients
with recurrence <2 years from diagnosis went on to
develop contralateral disease, while only one of five
(20 %) of patients who developed unilateral disease
more than 2 years from diagnosis went on to develop
contralateral recurrence. A survey of surgeons and
oncologists performed by the Connective Tissue
Oncology Society revealed that thoracotomy of the
unaffected side has not been routine practice of
most surgeons and oncologists, and at least one sub-
sequent retrospective analysis showed no advantage
to contralateral surgery (Su et al. 2004; Vo 2014).
Further prospective studies are necessary to develop
firm recommendations on this topic, though such
trials are unlikely to be undertaken due to the inva-
sive nature of the intervention.

4.3.2 Management of Lung Nodules
in Ewing Sarcoma Patients

Approximately 25 % of patients with EWS present
with metastatic disease at diagnosis and similar to
OS patients, hematogenous spread into the lungs is
the most common site of distant disease. Despite
improvements in survival with intensification of

systemic chemotherapy for localized disease, out-
comes remain poor for patients with metastatic
EWS, with event-free survival consistently shown
to be about 20 % (Pinkerton et al. 2001; Miser
et al. 2004). Patients with metastatic disease exclu-
sive to the lungs, however, have demonstrated bet-
ter outcomes with disease-free survival of 3040 %
when treated with standard therapy (Pinkerton
et al. 2001; Miser et al. 2004). Further, intensifica-
tion of systemic therapy for patients with primary
lung metastasis, utilizing high dose chemotherapy/
stem cell rescue has been advocated by some, but
the results of prospective studies have been mixed,
and at this time, this approach should be consid-
ered investigational (Meyers et al. 2001; Drabko
et al. 2012; Oberlin et al. 2006).

Local therapy is an important component of any
treatment strategy aimed at prolonging survival in
patients with metastatic EWS (Thorpe et al. 2012).
While there have been no prospective studies
designed to elucidate the optimal approach to local
therapy, both surgery and radiation therapy can be
considered, and may have a role in the manage-
ment of pulmonary metastases. Several retrospec-
tive analyses have suggested benefit to the use of
whole lung radiotherapy at doses of 12—-18 Gy, and
it has become standard practice in most centers
(Paulussen et al. 1998a, b; Paulino et al. 2013;
Spunt et al. 2001). The risk of radiation pneumoni-
tis at these doses is relatively low, and severe pul-
monary complications are seen in less than 10 % of
those treated (Bolling et al. 2008). Unfortunately,
the risk of toxicity does increase with subsequent
surgical procedures or further radiation boosts to
previously treated lung tissue (Bolling et al. 2008).
The role of surgical resection is less clear in EWS
patients with lung disease compared to OS patients.
Two small retrospective analyses have suggested a
survival benefit to surgical resection of EWS lung
nodules (Lanza et al. 1987; Letourneau et al.
2011a). In an analysis performed by Letourneau
et al. there was a suggestion that surgical resection
of pulmonary nodules was associated with
increased survival compared to patients treated
with radiation, either alone or in conjunction with
surgery (Letourneau et al. 2011a). The patient
numbers in this analysis were quite small however,
and the retrospective nature of the study prevents
strong conclusions from being made. Further study
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is necessary to determine the optimal approach to
local therapy for these patients.

4.4 Indications for Biopsy

Because pulmonary metastatic disease has such a
significant impact on the prognosis and manage-
ment of patients with bone cancer, attempts should
be made to determine the etiology of lung nodules
when possible. In many cases, the presence of lung
disease is clear: large nodules greater than 5 mm in
size involving both lungs, calcified in patients with
OS, or nodules large enough to be positive on PET,
likely need no further work-up at diagnosis to plan
treatment. In cases where the diagnosis may be in
question, the nodules will generally be amenable
to video assisted thorascopic surgery (VATS) or
CT guided biopsy. These techniques can establish
a tissue diagnosis with minimal healing time,
allowing for a more rapid initiation of chemother-
apy. For small nodules, VATS following the pre-
operative placement of microcoils or guidewires
via CT guidance can be an effective way to biopsy
lesions smaller than 5 mm in size (Fig. 4.4) (Heran
et al. 2011; Murrell et al. 2011). Alternatively,
lesions smaller than 5 mm in size can be observed
following treatment with chemotherapy. Should
the nodules increase in size with treatment, biopsy
should be performed. In patients with osteosar-
coma, complete resolution of nodules with chemo-
therapy occurs less than 10 % of the time (Bacci
et al. 2008). Most nodules will remain stable, and

Fig. 4.4 CT guided localization of a tiny osteosarcoma
lung nodule

potentially become more calcified. Resolution of
pulmonary disease is much more likely for patients
with Ewing’s sarcoma with resolution following
induction chemotherapy seen in almost 50 % of
patients (Luksch et al. 2012). A lack of complete
resolution in this cohort was associated with a
much worse prognosis. While a good response to
chemotherapy in patients with EWS supports a
diagnosis of metastatic disease, it may be difficult
to completely exclude the possibility of other eti-
ologies, such as infection or atelectasis, with reso-
lution. Because most of these patients will likely
receive whole lung irradiation which carries poten-
tial for morbidities, it is important to try to charac-
terize the lesions at diagnosis if at all possible.
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Abstract

The majority of children, adolescents, and young
adults with pediatric bone tumors will become
long-term survivors. However, many treatment
modalities utilized in the modern era of chemo-
therapy put their future fertility in significant
jeopardy. Chemotherapy that includes alkylating
agents, radiation to the pelvis or CNS, and
aggressive surgeries are commonly used in an
attempt to cure childhood bone tumors. Survivors
of cancer place a high priority on fertility and
report high levels of psychological distress asso-
ciated with fertility loss. Options are available to
preserve fertility prior to chemotherapy when
possible, but multiple barriers exist which reduce
the likelihood of fertility preservation utilization.

5.1 Introduction

In the current era of multi-modal therapies for
malignant bone tumors in children, adolescents,
and young adults, 5-year survival rates are
approaching 70 % for patients with non-metastatic
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disease (Edge 2014). Chemotherapy that includes
alkylating agents, radiation to the pelvis or CNS,
and aggressive surgeries are commonly used in an
attempt to cure childhood bone tumors. These
treatments can have many adverse effects on the
reproductive and endocrine systems including
altered pubertal development, impaired hormonal
regulation, and impaired fertility and sexual func-
tioning, significantly reducing quality of life
(Metzger et al. 2013). Long-term effects of therapy
should be considered and discussed with patients
and families at diagnosis, before and during ther-
apy, and during follow-up to enable patients to take
advantage of emerging technologies to protect their
future fertility or make informed decisions regard-
ing their treatment options. Adolescent and young
adults with cancer consistently rank information
about fertility preservation as very important and
among the top issues they face (Gupta et al. 2013).
However, these conversations can be challenging
for providers, parents and patients. Organizations
including the American Society of Clinical
Oncology (ASCO), the American Society for
Reproductive Medicine (ASRM), and the American
Academy of Pediatrics (AAP) have developed
guidelines to assist clinicians in implementing
these discussions early into the diagnosis and treat-
ment process. It is critical that providers have
access to the wealth of available tools and informa-
tion available in a timely and efficient manner.

5.2  Male Fertility

Male fertility requires the intact functioning of the
testes, hypothalamic-pituitary-gonadal (HPG) axis,
and genitourinary organs. Spermatogenesis, the pro-
cess of maturation of spermatozoa from immature
spermatogonial germ cells, occurs in the seminifer-
ous tubules of the testes with support of the Sertoli
cells. This process is dependent on high levels of
intratesticular testosterone, which promotes sperm
production and development of secondary sex char-
acteristics. Testosterone is produced by the intersti-
tial Leydig cells that surround the epithelium. At the
start of puberty, the hypothalamus produces gonad-
otropin-releasing hormone (GnRH) which causes
the anterior pituitary to release follicle stimulating
hormone (FSH) and luteinizing hormone (LH). FSH

primarily influences the function of the Sertoli cells,
while LH drives the Leydig cells. With the onset of
this hormonal activity, the formerly dormant germ
cells begin the lifelong process of self-renewal and
differentiation into spermatogonia (Jahnukainen
et al. 2011). The complete process of maturation
takes approximately 74 days. Once initiated, germ
cells in the mature testes constantly renew and dif-
ferentiate into sperm, assuring that there are germ
cells at different developmental stages in the mature
testes at all times after puberty. In contrast, in the
prepubertal testes turnover is limited to early germ
cells, making them highly sensitive to cytotoxic
therapy (Knopman et al. 2010). Spermatozoa are
stored in the epididymis until ejaculation.

5.2.1 Effects of Chemotherapy
and Radiation on Male

Fertility

Impact on male fertility can be secondary to
impaired spermatogenesis from gonadotoxic che-
motherapy, gonadotropin deficiency from CNS-
directed therapy, or functional abnormalities of the
genitourinary organs related to spinal/pelvic sur-
gery or radiation. A primary risk factor for reduced
fertility is alkylating agent associated gonadal tox-
icity. The magnitude of this risk is determined by
the specific alkylating agent and the cumulative
dosing. Although there is individual variation in
risk of gonadotoxicity after exposure to alkylating
agents, the cumulative dosing likely to produce
azoospermia has been established for most agents.
Cumulative doses of cyclophosphamide greater
than 5-7.5 g/m? are associated with abnormal
semen parameters, and azoospermia is consis-
tently observed after total cyclophosphamide dose
greater than 19 g/m?, ifosfamide greater than 60 g/
m?, procarbazine greater than 4 g/m? busulfan
greater than 600 mg/m?, melphalan greater than
140 mg/m?, and cisplatin greater than 600 mg/m?
(Kenney et al. 2001, 2012; Williams et al. 2008;
Aubier et al. 1989; Meistrich et al. 1992).
Alkylating agents used in combination have an
additive effect on gonadotoxicity. Post-treatment
azoospermia may be permanent, but recovery of
normal spermatogenesis years after treatment is
possible. Early studies based upon histologic
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assessment of testicular tissue implied that the
immature testis was relatively resistant to chemo-
therapy (Ginsberg 2011). However, recent studies
have demonstrated that the prepubertal testes and
the pubertal testes are highly vulnerable to cyto-
toxic agents given for cancer therapy (Hobbie
et al. 2005; Howell and Shalet 1998).

Radiation, similar to chemotherapy, interferes
with rapidly dividing cells, making the germ cells
of spermatogenesis a target. The effects of radiation
are dictated by dosage, age, and radiation field. The
testicular germinal epithelium is especially sensi-
tive to radiation. Spermatogenesis can be impaired
by direct testicular irradiation, including total body
irradiation, or by scatter from treatment fields in the
pelvis, bladder, inguinal/femoral, or abdominal/
flank (Kenney et al. 2012). Impaired spermatogen-
esis is observed after testicular doses as low as
100 cGy, and recovery is unlikely after doses
exceeding 4-6 Gy (Gracia and Woodruff 2012;
Kenney et al. 2012; Lee and Shin 2013).
Gonadotropin deficiency, secondary to disruption
of the HPG axis or cranial radiation doses greater
than 30 Gy is also associated with reduced fertility.

Lastly, pelvic surgeries with potential to
impact erectile function have significant ramifica-
tions on options for future fertility. Retroperitoneal
lymph node dissection, cystectomy, pelvic exen-
teration, or any similar deep pelvic surgery may
result in damage to the vas deferens, ejaculatory
duct, or seminal vesicles which collectively com-
prise the excurrent ductal system of the testis
(Gracia and Woodruff 2012). These procedures
may also result in cavernous nerve injury with
erectile dysfunction, autonomic nerve damage
with ejaculatory dysfunction, and physical inter-
ruption or obstruction of the sperm delivery path-
way (Gracia and Woodruff 2012). Improvements
in surgical technique, including nerve sparing
modifications and retroperitoneal resections have
helped to decrease the risk of erectile dysfunction
and ejaculatory dysfunction (See Table 5.1).

5.3  Female Fertility

Female fertility requires a functioning HPG axis,
ovaries, and a uterus. Reproductive potential
however, is mainly limited by available oocytes.

Table 5.1 Gonadotoxic chemotherapy agents used in
pediatric bone tumors
High risk
Cyclophosphamide
Ifosfamide
Melphalan
Busulfan
Intermediate risk
Cisplatin with low cumulative dose
Carboplatin with low cumulative dose
Adriamycin
Low risk
Actinomycin D
Vincristine
Methotrexate

The process of oogenesis begins before birth with
a peak in oocyte number at 20 weeks gestation
(67 million), followed by progressive atresia
and a quantitative oocyte drop to 1-2 million at
birth, followed by 300,000 at menarche (Gracia
and Woodruff 2012; Knopman et al. 2010). In
normal menstruating women, ovarian function
depends on pituitary gonadotropin production.
Secretion of gonadotropin-releasing hormone
(GnRH) from the hypothalamus stimulates the
release of follicle stimulating hormone (FSH)
and luteinizing hormone (LH) from the pituitary.
With each cycle, multiple follicles are selected
to enter the growing pool and begin to mature,
but only one will become the dominant follicle
selected for ovulation, while the remaining folli-
cles undergo atresia (Gracia and Woodruff 2012;
Knopman et al. 2010). The dominant follicle
produces estradiol, which triggers an LH surge
and results in the mature oocyte being released
into the fallopian tube where fertilization occurs.
Follicle development and atresia is a continuous
process occurring throughout the reproductive
lifespan. When a healthy woman reaches her
mid to late 30s, a threshold number of follicles
are reached at which reproductive potential drops
significantly, follicular depletion accelerates,
and the remaining oocytes are of overall poorer
quality. Finally, with continued decline of ovar-
ian reserve, a second threshold occurs when a
woman is in her late 40s or early 50s, the start of
menopause, when it is no longer possible to have
biologic children (Gracia and Woodruff 2012).
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5.3.1 Effects of Chemotherapy
and Radiation on Female

Fertility

Chemotherapy and radiation therapy destroy
ovarian follicles, and predispose treated females
to premature ovarian failure. The negative effect
of chemotherapy on female fertility is depen-
dent on the age of the patient at the time of treat-
ment, the specific chemotherapeutic agent(s)
used, and the cumulative dosing (Gracia and
Woodruff 2012; Trudgen and Ayensu-Coker
2014). Similar to males, alkylating agents are
the most gonadotoxic to female fertility. In con-
trast to males, significantly higher doses of
alkylators are required to cause infertility in
females. However, gonadotoxicity in females is
more age dependent than males. Specifically,
older age has a greater negative impact, as there
is an overall smaller follicular pool during can-
cer therapy (Ginsberg 2011). The natural deple-
tion of the number of follicles present in an
individual female’s ovaries can be accelerated
by cancer treatment. If the degree of depletion is
near complete, then the result is acute ovarian
failure defined by early menopause with conse-
quent infertility that occurs during or shortly
after treatment (Gracia and Woodruff 2012). If
the degree of depletion is more moderate, then
the individual is at risk for premature meno-
pause, where females remain fertile following
cancer therapy but have an overall shortened
reproductive life span.

Radiation to the ovaries, either through direct
pelvic radiation, abdominal or spine radiation, or
scatter radiation, in doses as low as 1-2 Gy in girls
and 4-6 Gy in adult females can have permanent
negative effects on the ovaries by causing deple-
tion of follicles (Gracia and Woodruff 2012).
Irradiation may also impact fertility by causing
damage to the uterine musculature and vascular
structures, thereby limiting the ability of the survi-
vor to carry a pregnancy to term. High dose cra-
nial irradiation in the dose range of 35-40 Gy or
greater, can cause hypogonadism through effects
on the hypothalamus and pituitary. This exposure
results in dysregulation of hormonal pathways
responsible for menstruation and fertility.

Table 5.2 Gonadotoxic radiation dosage used in pediat-
ric bone tumors
High risk
Total body irradiation for bone marrow transplant/
stem cell transplant

Pelvic or whole abdominal radiation dose >6 Gy in
adult women

Pelvic or whole abdominal radiation dose >10 Gy in
postpubertal girls

Pelvic or whole abdominal radiation dose >15 Gy in
prepubertal girls

Intermediate risk

Testicular radiation dose I-6 Gy from scattered
pelvic or abdominal radiation

Pelvic or whole abdominal radiation dose 5-10 Gy
in postpubertal girls

Pelvic or whole abdominal radiation dose 10-15 Gy
in prepubertal girls

Craniospinal radiotherapy dose >25 Gy

Finally, the surgical resection of reproductive
organs has obvious implications for infertility
when hysterectomies or oophorectomies become
necessary (See Table 5.2).

Pediatric Bone Tumor
Experience

54

Most patients with aggressive pediatric bone
tumors will receive a treatment regimen that
includes high doses of chemotherapy with alkyl-
ating agents and other chemotherapeutic drugs
that can impair fertility, aggressive surgical
resection, and sometimes radiation therapy.
Reproductive outcomes in childhood cancer
survivors have not been studied extensively with
large cohorts of patients, and most information
comes from small single-institutional studies.

Childhood Cancer Survivor
Study (CCSS)

5.4.1

The primary exception from small studies is the
Childhood Cancer Survivor Study (CCSS) which
reported on multiple outcomes for cancer survi-
vors including late mortality, subsequent malig-
nant neoplasms, chronic health conditions,
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fertility, and health status using matched sibling
controls (Ginsberg et al. 2010b). Childhood can-
cer survivors from the CCSS were half as likely
as their matched control siblings to sire a
pregnancy with an overall reported rate of prema-
ture ovarian failure of 6 % (Chemaitilly et al.
2006; Larsen et al. 2003; Longhi et al. 2000,
2003). High risk exposures identified in the study
included radiation greater than 7.5 Gy to the tes-
tes and high doses of alkylating agents including
cyclophosphamide dose greater than 7.5 g/m
(Green et al. 2010). In fact, when controlled for
these factors, survivors were equally likely as
their matched control siblings to sire a pregnancy
(Green et al. 2010).

5.4.2 Ewing Sarcoma

Three hundred forty-one survivors of Ewing sar-
coma (EWS) were separately analyzed within
this cohort for their fertility status. Infertility was
common among both male and female EWS sur-
vivors. Female survivors were 35 % less likely to
report a pregnancy than siblings of childhood
cancer survivors, even after excluding women
who were surgically sterile (Ginsberg et al.
2010b). Similarly, male EWS survivors were
62 % less likely to report siring a child than male
siblings (Ginsberg et al. 2010b). Contemporary
therapy for EWS includes high dose cyclophos-
phamide and ifosfamide, so we can anticipate
that the rate of infertility will not be much differ-
ent for patients treated today. Another 58 patient
analysis of sarcoma patients including 22 with
EWS reviewed semen analyses before, during,
and after treatment with chemotherapy with
multi-agent chemotherapy including cyclophos-
phamide (Meistrich et al. 1992). While pretreat-
ment levels were similar to the control subjects,
azoospermia occurred within 4 months of treat-
ment (Meistrich et al. 1992). The cumulative
dose of cyclophosphamide was the most signifi-
cant determinant of recovery to normospermic
levels; approximately 70 % of those who had
received doses less than 7.5 g/m? recovered, but
only 10 % recovered when doses exceeded 7.5 g/
m? (Meistrich et al. 1992). In a retrospective

study of 17 male sarcoma survivors treated with
high dose cyclophosphamide within a multi-agent
chemotherapy regimen, a total dose of
cyclophosphamide of 7.5 g/m? was also associ-
ated with a decreased risk of an abnormal sperm
count with an incidence of azoospermia of
58.8 % (Kenney et al. 2001). This analyses also
demonstrated that exposure prior to the onset of
puberty did not appear to protect males from sub-
sequent gonadal damage. All of the patients
exposed to 25 g/m* of cyclophosphamide or
higher were azoospermic irrespective of their
pubertal status at the time of treatment (Kenney
et al. 2001).

5.4.3 Osteosarcoma

In patients with osteosarcoma, exposure to
Ifosfamide has also been analyzed in several case
series. Kenney et al. reviewed six patients with
non-metastatic osteosarcoma who were treated
with multi-agent chemotherapy (Kenney et al.
2001). They reported their results as consistent
with previously reported studies that used semen
analysis as their measure of spermatogenesis,
demonstrating 52—-89 % of survivors with abnor-
mal sperm counts after treatment with Ifosfamide
24-45 g/m* (Kenney et al. 2001). The United
Kingdom Children’s Cancer Study Group
(UKCCSG) reviewed gonadal function of
patients who were treated for Ewing or soft tissue
sarcoma with regimens containing ifosfamide as
the only potential gonadotoxic agent (Williams
et al. 2008). Male patients who received high
dose Ifosfamide (greater than 60 g/m?) showed
73 % to be subfertile and 27 % azoospermic
(Williams et al. 2008). Hormone profiles were
consistent with germ cell failure, 31 % had
increased FSH, while Leydig cell function
remained preserved (Williams et al. 2008). The
female cohort for the study had different treat-
ment regimens including ifosfamide (Longhi
et al. 2003). Unfortunately, very few patients
were willing to undergo semen analysis and/or
hormone testing, so the study was only able to
conclude that Ifosfamide seems to be a major
cause of infertility in male osteosarcoma patients
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with a dose-dependent relationship between
higher doses of ifosfamide with higher probabil-
ity of becoming sterile (Longhi et al. 2003). They
also noted that Cisplatin causes azoospermia or
oligospermia with a gradual recovery of sper-
matogenesis in 50 % of patients after 2 years and
80 % after 5 years following cumulative dose of
600 mg/m? (Longhi et al. 2003). In contrast, the
Rizzoli Institute also reviewed the reproductive
function of female survivors of localized osteo-
sarcoma. Twenty-four of their 92 patients were
prepubertal at the time of chemotherapy and
underwent menarche at a mean age of 13 (range
11-16), consistent with the mean age of men-
arche of the normal population in Italy (Longhi
et al. 2000). Of the postpubertal patients, 69 %
experienced amenorrhea during chemotherapy,
66/68 patients resumed menstrual activity by the
end of chemotherapy, whereas the 2 patients age
39 and 43 at the start of treatment had permanent
amenorrhea (Longhi et al. 2000). Of the 92
patients, only 2 patients reported a willingness to
conceive without achieving a pregnancy and 20
others had successful pregnancies with healthy
offspring (Longhi et al. 2000). A Finnish study
demonstrated similar findings in a small cohort
of female osteosarcoma survivors with all
patients having amenorrhea at the completion of
chemotherapy, but 90 % had some returned men-
ses within 3—12 months of follow-up (Wikstrom
et al. 2003). The three patients who had irregular
menses cycles upon resumption of menstruation
represented the highest cumulative dose of
Ifosfamide (54.5 g/m?, 63.5 g/m?, and 60.4 g/m?)
(Wikstrom et al. 2003). Importantly, resumption
of menses does not directly correlate to fertility
and pregnancy, and thus is a limitation of this
small study.

5.5 Clinical Guidelines

Several organizations have published guidelines
for fertility preservation in cancer patients. The
ethics committee of the American Society for

Reproductive Medicine produced the first guide-
line on fertility preservation and reproduction in
2005. It addressed the roles of cancer specialists
and fertility specialists in the counseling and
referral of cancer patients including safety and
efficacy of options, special considerations for
minor patients, and ethical considerations in the
disposition of stored gametes, embryos, and
gonadal tissue (Robertson et al. 2005). The
American Society of Clinical Oncology (ASCO)
followed with their guideline for practicing
oncologists in 2006, which was updated in 2013
(http://www.asco.org/guidelines/fertility). =~ The
American Academy of Pediatrics published a
guideline in 2008 (Fallat and Hutter 2008) that is
currently being revised for publication, review-
ing the technical aspects of fertility preservation
in pediatric and adolescent patients as well as the
ethical considerations. Specifically, the AAP rec-
ommendations are as follows:

Evaluation of candidacy for fertility preserva-
tion should involve a team of specialists,
including a pediatric oncologist and/or radia-
tion oncologist, a fertility specialist, an ethi-
cist, and a mental health professional.

1. Cryopreservation of sperm should be
offered whenever possible to male patients
or families of male adolescents.

2. Current fertility-preservation options for
female children and adolescents should be
considered experimental and are offered
only in selected institutions in the setting
of a research protocol.

3. In considering actions to preserve a child’s
fertility, parents should consider a child’s
assent, the details of the procedure
involved, and whether such procedures are
of proven utility or experimental in nature.
In some cases, after such consideration,
acting to preserve a child’s fertility may be
appropriate.

4. Instructions concerning disposition of
stored gametes, embryos, or gonadal tissue
in the event of the patient’s death,
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unavailability, or other contingency should
be legally outlined and understood by all
parties, including the patient if possible.

5. Concerns about the welfare of a resultant
offspring with respect to future cancer risk
should not be a cause for denying repro-
ductive assistance to a patient.

5.6 RisklIdentification
Once the definitive cancer diagnosis is made,
fertility risk identification may proceed as the
proposed treatment plan unfolds. As previ-
ously discussed, fertility risk factors include
age, chemotherapeutic agents used, radiation
dose, and possible surgical interventions.
Oncologists have many risk assessment tools at
their disposal. The NCCN guidelines for
Adolescent and Young Adult Oncology recom-
mend the risks to fertility be discussed prior to
the initiation of chemotherapy and a referral
for fertility preservation occur within 24 h for
who choose to pursue it (Coccia et al. 2014). It
also refers providers to the on-line risk assess-
ment tool at www.livestrong.org/we-can-help/
fertility-services.

Based on these recommendations, Fig. 5.1
shows an overview of the stratification of fertility

considerations based on planned anti-cancer ther-
apy and Fig. 5.2 is an algorithm for screening
new oncology patients for fertility counseling
and referrals.

5.7 Pretreatment Options

for Males

Cryopreservation of ejaculated semen is the rec-
ommended fertility preservation method for adult
males and pubertal boys. Mature spermatozoa
can be found at Tanner III stage with a testis vol-
ume above 5 ml, although 20 % of males at
Tanner stage II or above with testicular volumes
greater than 10-12 ml have achieved spermia-
tion, with the ability to provide sperm for cryo-
preservation (Gracia and Woodruff 2012).
Cryopreservation of two to three samples col-
lected following a period of abstinence of 48 h
between samples is recommended prior to start-
ing treatment to ensure optimal DNA integrity
and sperm quality (Gracia and Woodruff 2012;
Rodriguez-Wallberg and Oktay 2014; Leonard
et al. 2004).

In cases of ejaculation failure, sperm may be
extracted via testicular sperm extraction (TESE),
a surgical procedure where sperm is extracted via
an open incision through the scrotum and one or
multiple biopsies of testicular tissue are obtained

Fertility-sparing surgery preserving gonads. Preservation of the

Cancer surgery

uterus in females.

Use of cryopreservation may be considered prior to surgery if the

Radiation therapy to pelvic
organs and gonads

risk of gonadal damage is high

Shielding aimed at reducing damage of reproductive organs and

surgical ovarian transposition

Use of cryopreservation may be considered prior to radiotherapy

Cytotoxic treatment with high risk
of gonadal damage

Use of cryopreservation methods such as sperm banking for males,
freezing of embryos and oocytes for females and gonadal tissue

freezing

Fig.5.1 Fertility preservation options to consider based on treatment
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I
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Fig. 5.2 Work-flow algorithm for fertility preservation during cancer therapy
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and sperm can be harvested and placed in media
for analysis and cryopreservation (Quinn and
Vadaparampil 2012; Schrader et al. 2003). Patients
with neurologic compromise can undergo vibro-
stimulatory ejaculation if the sacral reflex is intact.
In the absence of an intact spinal pathway, elec-
troejaculation can be performed, although this
requires anesthesia if the patient does not have a
complete spinal cord injury (Gracia and Woodruff
2012). In electroejaculation, a rectal probe is used
to transmit electrical stimulation to the short post-
synaptic sympathetic fibers in the walls of the
ejaculatory organs leading to ejaculation
(Berookhim and Mulhall 2014).

Collecting sperm prior to cancer therapy has a
unique set of challenges. Patients are facing can-
cer or other serious medical issues. The context
in which patients are asked to provide specimens
is fraught with stress. They are often feeling ill,
emotionally overwhelmed, are in pain, and are
possibly under the influence of narcotics or other
medications. They may be hospitalized and have
limited privacy for masturbation. Patients may be
unable to perform under severe time constraints
and pressure, particularly adolescent boys, and
there may be religious or personal objections to
masturbation that are difficult to overcome (Ogle
et al. 2008). Every attempt should be made to
facilitate the collection of ejaculated sperm.
Patients should be provided private and relaxing
physical conditions whenever possible. It is
important to avoid discussing the details of sam-
ple collection with adolescents in the presence of
their families. Separate discussions with the ado-
lescent patient and family members help avoid
introducing unnecessary embarrassment that
might present yet another barrier to successful
collection. Sexually stimulating audiovisual
materials, such as magazines or videos, should be
provided to the patient if appropriate.

Testicular tissue cryopreservation is the only
available option in prepubertal patients who have
not yet initiated spermatogenesis. Investigators
are examining cryopreservation of testicular tis-
sue through either cell suspension or whole tissue
as a possible option for fertility preservation

(Gracia and Woodruff 2012). The tissue can be
obtained via testicular biopsy. Although prepu-
bertal germ cells do not contain mature sperma-
tozoa, they do demonstrate the presence of
spermatogonial diploid stem cells, which main-
tain the capacity to differentiate into mature cells
given the appropriate microenvironment.
Investigators from the Children’s Hospital of
Philadelphia published reports of prepubertal
boys who underwent testicular biopsy with tissue
cryopreservation (Ginsberg et al. 2010a). Despite
this and other similar experimental protocols
reporting preservation of prepubertal tissue, no
study to date has demonstrated a technique to
transform this immature, cryopreserved tissue
into functional gametes either in vivo or in vitro
(Ginsberg et al. 2010a). Furthermore, hypotheti-
cal risks associated with tissue preservation exist.
Given the underlying malignancy in patients
undergoing testicular tissue extraction, there is
concern regarding the potential for reseeding the
cancer when cryopreserved tissue is reintroduced
into the native host. Thus, testicular tissue cryo-
preservation is performed strictly under an exper-
imental, IRB-approved protocol, as no clinically
proven means to use such tissue for reproductive
purposes exists at this time (Gracia and Woodruff
2012) (See Table 5.3).

5.8 Pretreatment Options

for Females

Embryo cryopreservation is the most established
fertility preservation method for females. The
ovaries are stimulated with FSH injections and
LH for approximately a week and a half (Quinn
and Vadaparampil 2012). Ultrasounds and blood
tests are used throughout this time to monitor
development of ovarian follicles. When the folli-
cles are appropriately sized, an injection of
human chorionic gonadotropin (hCG) triggers
ovulation and the eggs are aspirated transvagi-
nally from the follicles just prior to ovulation
(Quinn and Vadaparampil 2012). Oocytes are
then fertilized by either intracytoplasmic sperm
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injection or in vitro fertilization and cryopre-
served for later wuse. Typically embryo
cryopreservation takes approximately 2—-6 weeks
to accomplish, dependent on the phase of the
patient’s menstrual cycle at presentation to a
reproductive specialist. Embryo cryopreservation
carries high out of pocket costs, requires a male
partner or sperm donor, and can cause delays in
initiation of cancer treatment.

Oocyte cryopreservation can be utilized if
there is no male partner or sperm donor. The
oocytes are harvested as described in embryo
cryopreservation, with or without hormonal stim-
ulation. While initial pregnancy rates were not as
high as with embryo cryopreservation, oocyte
freezing techniques continue to improve prompt-
ing the ASRM to no longer consider oocyte cryo-
preservation to be an experimental procedure
(Pfeifer 2013).

Oophoropexy is a surgical procedure done to
spare ovarian function in patients who undergo
pelvic radiation (Williams et al. 1999). The lapa-
roscopic procedure moves the ovaries out of
potential radiation fields to minimize exposure
and damage during radiation treatment.
Reduction of radiation exposure has been
reported to be decreased by approximately
50-90 % (Gracia and Woodruff 2012).

Ovarian tissue cryopreservation provides a
viable alternative option for patients who wish to
preserve their fertility but expedite their cancer
therapy, or for prepubertal girls who have no
other options to preserve their future fertility
(Gracia and Woodruff 2012). This process
involves harvesting ovarian cortex tissue which
contains thousands of follicles containing imma-
ture eggs. The tissue can be removed laparoscop-
ically as an outpatient surgery and either
reimplanted into the pelvis (orthotopic trans-
plantation,) in subcutaneous tissue or muscle
(heteroscopic transplantation) (Gracia and
Woodruff 2012; Pfeifer et al. 2013, 2014; Quinn
and Vadaparampil 2009; West et al. 2009), or
follicles can be matured in vitro and fertilized
years after cancer therapy is complete. This
method of fertility preservation is investiga-

tional, and only offered through clinical trials at
limited institutions under IRB supervision. An
important consideration of this technology is the
potential of reintroducing malignant cells of har-
vested ovarian tissue. Metastatic Ewing sarcoma
has been reported in the ovary (Sullivan et al.
2012). One of the largest series of cryopreserved
ovarian tissue in the world at Copenhagen
University Hospital reviewed 16 surviving sar-
coma patients tissue to evaluate the risk of resid-
ual cancer cells in the ovarian cortex intended
for transplantation. Tissue of nine patients with
Ewing sarcoma, one patient with chondrosar-
coma, and four patients with osteosarcoma was
examined by light microscopy, RT-PCR for pres-
ence of EWS-FLII1, and finally xenotransplanta-
tion with no evidence of malignant contamination
(Smitz 2004). They concluded that it is safe to
transplant ovarian tissue from patients who pre-
viously suffered from a sarcoma, but recom-
mended evaluation of a sample of tissue for
malignant cell contamination prior to transplan-
tation (Smitz 2004). Another series of eight
patients evaluated cryopreserved ovarian sam-
ples from Ewing sarcoma patients with histology
examination and RT-PCR for EWS-FLII.
Histology did not reveal any malignant cells;
however, one sample did show a positive result
for the EWS-FLIi transcript (Abir et al. 2010).
The authors concluded that because EWS is
highly metastatic, ovarian tissue should be care-
fully examined both by histological and molecu-
lar techniques before ovarian transplantation
(Abir et al. 2010). There have been two
transplantations of ovarian tissue to patients
recovered from EWS and no relapses have been
observed due to the replacement of the ovarian
tissue (Anderson et al. 2008). One patient was
transplated two years after completing treat-
ment, resulting in 3 live births and no relapse for
greater than seven years (Anderson et al. 2008).
The other patient was diagnosed with EWS at
age 9 and had one ovary cryopreserved. It was
transplanted 4.5 years after it was cryopreserved
to induce pubertal development by endogenous
hormone secretion (Ernst et al. 2013). She
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successfully underwent pubertal development
and menstruation 1 year after transplantation
(Ernst et al. 2013).

Ovarian suppression is theorized to protect
the ovaries by suppressing the pituitary-ovarian
axis simulating prepubertal hormonal milieu,
reducing recruitment of follicles and thereby
creating a quiescent ovarian state, making them
less susceptible to the damage of chemothera-
peutic agents (Blumenfeld et al. 2008, 2014;
Falcone et al. 2004; Gracia and Woodruff 2012).
To date, 20 studies have reported on nearly
2,000 patients treated with gonadotropin releas-
ing hormone analogues (GnRH-a) in parallel to
chemotherapy including 5 prospective random-
ized controlled trials (RCTs) and 15 non-ran-
domized controlled trials reporting a significant
decrease in premature ovarian failure rates in
survivors of various cancers (Blumenfeld et al.
2014; Ibrahim et al. 2008). However, nine stud-
ies including six randomized controlled trials
did not support the effectiveness of GnRH-a
treatment (Blumenfeld et al. 2014; Ibrahim
et al. 2008). Seven meta-analysis have con-
cluded that GnRH-a use may be beneficial and
decrease the risk of premature ovarian failure,
including the most recent Cochrane analysis
which concluded that GnRH-a was effective in
protection of menstruation and ovulation after
chemotherapy (Blumenfeld et al. 2014). The
authors concluded that the use of GnRH-a
should be considered for women of reproductive
age receiving chemotherapy, stating they were
effective in protecting the ovaries from chemo-
therapy and should be given before or during
treatment, although no significant difference in
pregnancy rates was seen (Ibrahim et al. 2008).
Unfortunately at this time, no studies have been
able to consistently demonstrate improvement
in pregnancy rates. Until data can demonstrate a
significant improvement in pregnancy outcomes
for women receiving GnRH-a is produced,
GnRH-a cotreatment with chemotherapy as an
exclusive means to preserve fertility should be
recommended with caution (Gracia and
Woodruff 2012) (See Table 5.4).

5.9 Post-treatment Family

Planning Options

While the majority of survivors of pediatric bone
tumors will retain their fertility, a significant pro-
portion of survivors will suffer from infertility or
subfertility making traditional conception diffi-
cult or impossible.

Sperm recipientcy is the most frequently used
and successful method of family building avail-
able for males (Quinn and Vadaparampil 2012).
This technique involves using donor sperm to
inseminate the female partner of a male cancer
survivor. Mancini et al. found that young adult
cancer survivors who did not preserve sperm
reported a lower physical and mental quality of
life, and furthermore, patients who were not
informed that sperm cryopreservation was an
option prior to cancer treatment universally
report being dissatisfied with their medical
treatment.

Oocyte recipientcy is the process involving the
use of a donated ova which can be fertilized
either with a female cancer survivor’s partner’s
sperm or donor sperm, then transferred into the
survivor’s uterus to carry the pregnancy. Should
the survivor no longer have a uterus, a gestational
surrogate can receive the embryos and carry the
pregnancy to term.

Surrogacy is a viable option for intended par-
ents who are either unable to carry a baby to term
or conceive without assistance. Traditional sur-
rogates use their own eggs and sperm donated
either by the intended father or a sperm donor. A
gestational surrogate, often called a gestational
carrier, does not use her own ova and achieves a
pregnancy through in vitro fertilization. The
gametes may be provided by both of the intended
parents, an egg donor and the intended father,
donated eggs and donated sperm, donor sperm
and the intended mother’s oocytes, or donated
embryos (Quinn and Vadaparampil 2012).

Finally, cancer survivors may elect to use adop-
tion. Adoption can be a difficult process for a pro-
spective parent with a cancer history, and some
agencies require survivors to be cancer free for a
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minimum of 5 years before attempting to adopt.
However, organizations such as Northwestern’s
Oncofertility Consortium have developed a list of
“cancer friendly” agencies that are more flexible
and willing to work with cancer survivors. Infertile
cancer survivors can experience significant depres-
sion and anxiety similar to the general infertile
population, thus appropriate mental health refer-
rals and counseling should be encouraged.

5.10 Contraception

Except in rare cases, adolescents and young adults
with cancer have the same sexual, marital, and
romantic aspirations as their healthy peers. Thus,
they share the same information needs as their
peers regarding effective contraception, avoiding
unwanted pregnancies, and sexually transmitted
infections (STIs). Many cytotoxic drugs, as well as
radiotherapy, are teratogenic and mutagenic and
conception during chemotherapy may result in
abortion of the embryo or gross congenital abnor-
malities of the fetus, emphasizing the need for
effective contraception in sexually active young

Table 5.5 Options for contraception

Examples
Abstinence n/a
Behavioral method No method

Withdrawal

Periodic abstinence

Oral combined pill (OCP)
Progestin-only pill (POP)
Emergency contraception
(“Morning after pill”)
Oral progestogens

Oral contraception

Injectable
contraceptives

Implant contraceptives
Intra-uterine devices
(IUDs)

Barrier methods

Depo-provera

Norplant, jadelle, implanon
Copper IUD
Levonorgestrel
Female
Diaphragm
Cervical cap
Vaginal sponge
Female condoms
Vaginal spermicides
Male
Male condoms

people undergoing treatment for cancer (Murphy
et al. 2013). Available contraceptive methods are
summarized in Table 5.5.

5.11 Challenges and Barriers
to Providing Fertility

Preservation Options
5.11.1 Lack of Information

Despite the evidence that fertility loss in survi-
vors of cancer is related to psychological distress
and impaired quality of life, many cancer patients
and their families still do not receive adequate
information or referral to a reproductive special-
ist for fertility preservation (Rodriguez-Wallberg
and Oktay 2014). While it has been acknowl-
edged that information may be lost given the
overwhelming nature of the diagnosis, studies of
health care providers have also suggested that
risks of infertility are not routinely and univer-
sally discussed. Among pediatric oncology pro-
viders, only 35 % reported consulting with
reproductive specialists. Reasons for not discuss-
ing risks for infertility include lack of time, lack
of information regarding level of gonadotoxicity
of different regimens, cost, lack of referral net-
work, and general discomfort of provider in dis-
cussing the topic (Levine 2011; Nahata et al.
2012; Quinn et al. 2009a, b; Rodriguez-Wallberg
and Oktay 2014). Providers also cited patient fac-
tors impacting their discussions including lan-
guage or cultural barriers, belief that fertility
preservation is too anxiety-provoking or stress-
ful, poor patient prognosis, concern for cost for
family, and concern about age of patient (Kelvin
et al. 2012).

5.11.2 Ethical Considerations

Multiple ethical issues surround fertility preserva-
tion techniques, particularly for pediatric and ado-
lescent patients who have not yet reached the age of
18. These patients present the additional concern
for the child’s ability to contribute to the complex
decisions related to fertility preservation and future
disposition of reproductive materials. Young chil-
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dren obviously are unable to contribute to the deci-
sion making process and available options are
experimental and should be discussed with caution
and under IRB approval with parents or guardians.
Older children may have a much more active role
in the informed consent process and careful consid-
eration should be made to include them in the pro-
cess depending on their developmental level. These
conversations can be awkward and embarrassing to
teens and young adults, and should occur without
parents present whenever possible using clear and
simple language.

Oncologists’ reluctance to discuss fertility
issues with patients with a poor prognosis has
been reported in multiple studies with the general
consensus being that fertility preservation is not
important at a time when a patient is fighting for
survival (Saito et al. 2005). Providers may worry
that discussing fertility preservation will give
patients a false hope about their prognosis. At the
same time, pursuing fertility preservation may be
a source of hope and happiness for patients dur-
ing difficult times.

Lastly, and perhaps one of the most difficult
areas of fertility preservation, is the question of
posthumous assisted reproduction (PAR). This
refers to the utilization of cryopreserved repro-
ductive materials to conceive a child with the use
of assisted reproductive technologies after the
death of the patient. The ASRM guidelines state
that “Precise instructions should be given about
the disposition of stored gametes, embryos, or
gonadal tissue in the event of the patient’s death,
unavailability, or other contingency” (Robertson
2005). Under the law, gametes and embryos are
classified as a type of property, and people whose
genetic material the gametes or embryos contain
are the default owners of this property. As prop-
erty, gametes and embryos can be bequeathed to
others upon their death. Given this legal under-
standing, disputes over reproductive material may
have to be resolved in court if a bioethics consul-
tant or others cannot first help resolve the matter
(Gracia and Woodruff 2012). Unfortunately, it is
not possible to predict the outcome of these cases
because there is no set precedent in this matter
and individual judges have ruled quite differently
in similar cases. With regard to minors, the repro-

ductive material is technically the property of the
child, and parents should not be allowed to use or
discard their child’s reproductive material before
the child turns 18. If a minor child passes away,
the child’s reproductive material should be imme-
diately destroyed or donated to science.

Clinicians who care for cancer patients should
understand and anticipate questions regarding the
ethical issues surrounding fertility preservation,
working closely with bioethicists and legal coun-
sel to address their patients’ concerns about fer-
tility preservation options.

Conclusion

The majority of children, adolescents, and
young adults with pediatric bone tumors will
become long-term survivors. Survivors of can-
cer place a high priority on fertility and report
high levels of psychological distress associated
with fertility loss (Murphy et al. 2013). Options
are available to preserve fertility among those
at risk of infertility secondary to cancer treat-
ment, but several barriers exist which reduce
the likelihood of fertility preservation utiliza-
tion. Health care providers should be prepared
to discuss the negative impact of cancer ther-
apy on reproductive health with their patients
and families in the same way other risks of
cancer treatment are discussed. The possibility
of using fertility preservation methods should
be presented to all patients, and appropriate
referrals provided. Interdisciplinary collabora-
tion between oncologists, reproductive endo-
crinologists, urologists, and gynecologists,
development of local clinical guidelines, and
availability of educational materials and activi-
ties should be encouraged to ensure that patient
needs are being met.
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radiation oncologists. Patients stricken with ossi-
fying sarcomas, originially described by Ewing
as “diffuse endotheliomas of bone” (Ewing 1924)
either underwent resection (usually by amputa-
tion) or received primary radiation therapy.
Nearly all patients succumbed to their disease,
and survival was discussed in terms of months.
Those whose lesions were treated with radical
surgery or radiation therapy alone almost always
developed widespread metastatic disease.
Isolated lesions could be treated with radiation,
which often alleviated symptoms and occasion-
ally prolonged survival, but rarely achieved cure.

Under these circumstances, patients diag-
nosed with Ewing’s sarcoma experienced long-
term survival rates of about 10 % (Jenkin 1966).
As this tumor was determined to be radiosensi-
tive, many patients were treated with aggressive
radiation therapy, but most still did not survive
beyond 2 years. Improvements in radiation tech-
niques pushed survival curves upward of 20 %
(Phillips and Higinbotham 1967), but struggled
to make more definitive improvements. Despite
these advances, most patients’ disease eventually
progressed and led to metastatic disease, which
continued to be universally fatal.

Patients diagnosed with osteosarcoma also
fared poorly. Their tumors were treated surgically
as they proved to be less radiosensitive. Patients
undergoing radical surgical procedures such as
amputation experienced survival rates of 11-17 %
for patients without identifiable pulmonary metas-
tasis (Weinfeld and Dudley 1962; Dahlin and
Coventry 1967; Marcove et al. 1970; Link et al.
1986). Patients who developed metastasis, whether
prior to diagnosis or several months after amputa-
tion, essentially all died from their disease.

To practitioners caring for patients with malig-
nant bone tumors, the need for systemic treatment
of these diseases was apparent. Advances in sur-
gical techniques and radiation technology pro-
vided stepwise improvements in the control of
primary tumors and even of some types of metas-
tasis. These advances did not, however, lead to
remarkable improvements in outcome. Most
patients still went on to develop metastatic disease
despite the ever-more aggressive treatments. The
strong tendency for these tumors to recur at dis-
tant metastatic sites suggested that dissemination
occurred prior to resection and hinted at the

potential value of systemic therapies, provided
that medications having significant activity
against these tumors could be discovered.

The early successes of chemotherapy as treat-
ment for leukemia, for lymphoma, and then for
some solid tumors fueled the hope that these discov-
eries might prove useful for patients with malignant
bone tumors. The poor outcomes seen with many of
the early attempts to treat osteosarcoma and Ewing’s
sarcoma with systemic chemotherapy led many to
conclude that these tumors were not sensitive to
these drugs. Further experimentation led to the
identification of active agents and the subsequent
development of combination regimens that has rev-
olutionized the care of patients with malignant bone
tumors. Modern chemotherapy has markedly
improved outcomes in these patients. Chemotherapy
has become an integral and essential part of the
modern multimodal approach, which combines the
most effective elements of systemic therapy with
advanced methods for local control through surgery
and radiation. Chemotherapy has improved survival
and has been valuable in facilitating local control,
preventing the emergence of disseminated disease,
and providing ever-expanding options for the pallia-
tive care of patients by slowing tumor progression
and reducing gross tumor burden.

Despite the significantly better outcomes
afforded by modern chemotherapy, there still remain
many opportunities for improvement. While event-
free survival rates for patients with localized disease
now exceed 70 % in some studies (Lewis et al. 2007,
Meyers et al. 2008; Womer et al. 2012), metastatic
disease has proven to be poorly responsive to current
systemic therapies. Short-term survival for patients
with metastatic disease remains 40 % at best (Goorin
et al. 2002), with 5-year overall survival of around
20 % (Grier et al. 2003; Casey et al. 2009; Aljubran
et al. 2009). The biological underpinnings of meta-
static spread have become a very active field of
research, and many current experimental therapy
approaches are focusing on preventing the emer-
gence of metastasis (Khanna et al. 2014).

This chapter summarizes the clinical trials and
other developments from which the concepts that
drive current approaches to chemotherapy for
malignant bone tumors have been derived. It out-
lines the treatments that form our current stan-
dard of care and discusses some of the questions
raised by the results of recent trials as well as
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those being asked by current and ongoing
studies.

6.2 Chemotherapy for Ewing'’s
Sarcoma
6.2.1 Ewing and PNET

Originally thought to represent independent enti-
ties, Ewing’s sarcoma and primitive neuroectoder-
mal tumor (PNET) of the bone are now understood
to represent a single entity. Evidence for this sin-
gularity comes from the fact that both have similar
responses to treatment (Miser et al. 1987a, b),
similar histologic appearance with essentially
identical expression of oncogene markers
(McKeon et al. 1988; Ambros et al. 1991), and
identical chromosomal translocations which are
thought to drive their biology (Turc-Carel et al.
1983; Whang-Peng et al. 1984). They have been
treated identically for many years, and no distinc-
tion is made between the two in this chapter.

6.2.2 Identification of Active Agents
Cyclophosphamide This is a nitrogen mustard
and alkylating agent and was one of the first
agents shown to have efficacy in patients with
Ewing’s sarcoma. A number of reports through-
out the early 1960s described responses to cyclo-
phosphamide (Pinkel 1962; Sutow and Sullivan
1962; Jenkin 1966). Most of these reports noted a
slowing in the progression of metastatic disease
in patients receiving the drug. Several authors of
these early studies argued that its effects might be
more significant if used earlier in the disease at
times of lower tumor burden.

Vincristine Several studies performed in the
1960s showed efficacy of vincristine, a vinca alka-
loid and mitotic spindle inhibitor, in patients with
Ewing’s sarcoma. This included some responses in
patients who had disease that was resistant or refrac-
tory to other treatment regimens (James and George
1964; Sutow 1968). While the magnitude of the
antitumor effect seen with vincristine monotherapy
is relatively small, its modest side effect profile and
mechanism of action that generates synergy with

many other chemotherapeutic agents made it popu-
lar in many multi-agent protocols. One of the first
such protocols used a treatment regimen that
employed indefinite cycles of vincristine and cyclo-
phosphamide in an adjuvant fashion after treatment
with radiation (Hustu et al. 1968). The first five
patients demonstrated a very positive outcome with
a disease-free survival (DFS) of 12-38 months.

Doxorubicin The development of anthracyclines,
DNA intercalating agents which inhibit topoisomer-
ase II function, in the late 1960s and early 1970s
prompted multiple studies of their effects in Ewing’s
sarcoma. Studies with both doxorubicin (Oldham
and Pomeroy 1972; Evans et al. 1974) and daunoru-
bicin (Evans et al. 1974) showed efficacy of anthra-
cyclines in Ewing’s sarcoma. While early trials were
hampered by increased incidence of cardiac disease,
many of those untoward effects are now avoided by
limiting cumulative doses. The intensification of
doxorubicin dosing has proved to be of immense
importance in the treatment of this disease. A meta-
analysis of patients with Ewing’s sarcoma treated
with chemotherapy throughout the 1970s and 1980s
(Smith et al. 1991) identified doxorubicin as the
most important agent in these treatments.

Ifosfamide (and etoposide) Ifosfamide is
another nitrogen mustard derivative and DNA
alkylating agent. It was initially utilized primar-
ily as a replacement for cyclophosphamide in
attempts to intensify therapy in standard regi-
mens for high-risk patients (Deméocq et al. 1989;
Jiirgens et al. 1989). It has become an agent rou-
tinely utilized in the care of patients with Ewing’s
sarcoma. Ifosfamide is commonly used in combi-
nation with etoposide, a topoisomerase inhibitor,
which has little efficacy as a monotherapy, but
has shown to have synergistic efficacy when used
in conjunction with ifosfamide (Miser et al.
1987b). Subsequent evidence for the specific
activity of ifosfamide and etoposide (IE) in
Ewing’s sarcoma came with window studies per-
formed in patients with newly diagnosed disease
(Meyer et al. 1992). While some smaller histori-
cal control studies have produced results that
argue to the contrary (Oberlin et al. 1992; Bacci
et al. 1998), large well-controlled studies have
established the utility of IE in the treatment of
Ewing’s sarcoma (discussed below).
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6.2.3 Collaborative Groups

Ewing’s sarcoma remains a relatively rare dis-
ease. The need to increase the number of patients
enrolled in clinical trials and to increase the rate
at which trials can accrue has served as the impe-
tus for the formation of multiple collaborative
groups, which bring together multiple institu-
tions, often across multiple nations, to facilitate
advancements in the treatment of Ewing’s sar-

Table 6.1 Ewing’s sarcoma trials discussed in the text

coma. These groups have included the Intergroup
Ewing’s Sarcoma Study (IESS) group, a con-
glomeration of North American clinical trials
groups, the Cooperative Ewing’s Sarcoma Study
(CESS) group, combined efforts of a number of
central European countries, the Scandinavian
Study Group (SSG), and others.

A summary of the collaborative group studies
undertaken to date is outlined in Table 6.1.
Important findings from those studies and the ways

Study Years No. of patients ~ Regimen Findings
IESS-I (Nesbit 1973-1978 342 VAC vs. VACD vs.  Patients receiving DOX experienced
et al. 1981, 1990) VAC + Pulm XRT best outcomes
Patients receiving DOX developed
fewer metastases than those receiving
XRT
Pelvic lesions have worse prognosis
IESS-II (Burgert 1978-1982 214 VACD (DOX Improved disease control and survival
et al. 1990) high-dose with more aggressive chemotherapy
intermittent vs. Early intensity improves outcomes
moderate-dose Increased cardiovascular toxicity with
continuous) high-dose DOX
ET-1 (Craft et al. 1978-1986 142 VACD (+ surgery) Intensified neoadjuvant regimen
1997) improved resection of pelvic masses
Extremely poor outcomes for
metastatic disease
Surgical outcomes better than
radiation alone?
CESS 81 (Jiirgens  1981-1985 93 VACD Decreased metastasis with early
et al. 1988) initiation of therapy
Increased local recurrence without
complete resection despite radiation
CESS-86 1986-1991 301 Standard risk: VACD High-risk patients experienced same
(Paulussen et al. High risk: VAD/ 10-year OS (52 % vs. 51 %)
2001) IFOS Histologic response prognostic of
outcome
ET-2 (Craft et al. 1987-1993 243 VCR + DOX + IFOS CPM to IFOS and increased DOX
1998) + DACT improved outcomes
REN2 (Baccietal. 1988-1991 82 VACD/IE No benefit with adding IE relative to
1998) outcomes in REN1
INT-0091 (Grier 1988-1992 518 VACD vs. VACD/IE IE improved outcomes in
et al. 2003) nonmetastatic disease
No benefit to IE in metastatic disease
INT-0154 1995-1998 478 VDC + IE (standard Increased dose therapy did not
(Granowetter et al. dose vs. increased improve outcome
2009) dose)
AEWS-0031 2001-2005 587 VDC + IE £ G-CSF  Interval compression improved

(Womer et al. 2012)

(standard vs. interval

compressed)

outcome without increasing toxicity

DACT dactinomycin, DOX doxorubicin, G-CSF (granulocyte colony-stimulating factor), /E ifosfamide + etoposide,
IFOS ifosfamide, VAC vincristine + dactinomycin + cyclophosphamide, VAD vincristine + dactinomycin + doxorubi-
cin, VACD vincristine + dactinomycin + cyclophosphamide + doxorubicin, VCR vincristine
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in which they have educated our current standard
of care are discussed in the sections that follow.

6.2.4 Multi-agent Chemotherapy

With the identification throughout the late 1960s
and early 1970s of multiple agents having activity
against Ewing’s sarcoma, a number of small case
series reported increasingly noteworthy successes
utilizing multi-agent and multimodal therapies. A
number of investigators reported responses, includ-
ing durable remissions, in patients treated with
VAC (vincristine, dactinomycin, cyclophospha-
mide) (Jaffe et al. 1976) and VACD (VAC plus
doxorubicin) (Rosen et al. 1974). The report from
Memorial Sloan Kettering was particularly impres-
sive, describing 12 children treated with VACD, all
of whom remained alive without disease for
10-37 months. Their report included three patients
who initially presented with metastatic disease
who also responded to therapy. These initial reports
clearly opened the field for investigation into the
appropriate and optimal application of adjuvant
multi-agent and multimodal therapy. These studies
also identified the management of toxicity as a pri-
mary obstacle to the widespread use of multi-agent
chemotherapy, with high rates of congestive heart
failure, infections complicating therapy, profound
nausea and vomiting, as well as other side effects.
Much of the research activity in subsequent years
focused on managing these toxicities to make regi-
mens more tolerable without sacrificing efficacy.

Establishment of the VACD backbone In 1973,
a collaborative effort between pediatric cancer
groups was formed called the Intergroup Ewing’s
Sarcoma Study. From 1973 to 1978, they performed
their first clinical trial, which compared VAC to
VACD and to VAC with prophylactic pulmonary
radiotherapy (Nesbit et al. 1981). Analysis at
2.5 years found significant advantages to treatment
with doxorubicin or pulmonary radiotherapy when
compared to VAC alone (Nesbit et al. 1981). Repeat
analysis after 6 years of follow-up further con-
firmed the benefits of adding doxorubicin to VAC
therapy. In that analysis, patients receiving VACD
experienced overall survival (OS) rates of 65 %,

compared with only 28 % with VAC alone (Nesbit
et al. 1990). While there was some survival advan-
tage seen with the addition of pulmonary radiother-
apy (OS of 53 %), the gains were much greater with
doxorubicin, and the number of patients developing
metastatic disease was much higher without it.
Local recurrence rates remained unacceptably
high—approximately 15 % across all groups.
Subgroup analysis found that patients with pelvic
disease fared much worse than patients with axial
disease. At 5 years, OS was 34 % for pelvic disease
versus 57 % in non-pelvic disease (Nesbit et al.
1990). This study, now known as IESS-1, firmly
established the importance of doxorubicin in the
treatment of patients with Ewing’s sarcoma. These
results helped to confirm on a larger scale similar
results reported by others (Rosen et al. 1978).

Building on the success of IESS-1, the inter-
group subsequently set out to compare two com-
peting regimens, one using intermittent high-dose
therapy and another using continuous moderate-
dose therapy. This second study, IESS-2, was
performed between 1978 and 1982. Given the
huge improvements in outcome seen in patients
receiving doxorubicin, patients randomized to
the high-dose therapy arm received a regimen
similar to that used in IESS-1, only with increased
doses of doxorubicin and cyclophosphamide.
Five-year follow-up showed even greater gains in
survival for patients receiving the intensified
dose, with overall survival rates of 77 %, com-
pared to 63 % in the moderate-dose therapy
group (Burgert et al. 1990). Patients receiving the
higher doses also experienced better disease con-
trol, with only 21 % of patients developing
metastasis compared to 30 % of those in the
moderate-dose therapy group. It was notable that
increasing doses did not result in increased tox-
icities, with comparable adverse effects seen in
both groups.

Trials conducted by multiple other coopera-
tive groups confirmed the value of dose-intensive
doxorubicin. Limiting their study to that of
patients with localized bony disease, the group
from St. Jude reported excellent results by adding
doxorubicin both neoadjuvantly and adjuvantly
in their ES-79 trial. Patients receiving doxorubi-
cin had improved metastatic control, tumor
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regression, and overall survival. The five-year
overall survival for these patients approached
80 % (Hayes et al. 1989). Results were similar in
the collaborative POG 8346 study, where doxo-
rubicin was administered in both the neoadjuvant
and adjuvant settings. Response rate was found to
be 88 % after neoadjuvant therapy (Donaldson
et al. 1998). The 5-year OS of this group, which
included those with pelvic and metastatic dis-
ease, was 55 %. Patients with localized disease
had 5-year OS of 65 %.

The cooperative European group’s CESS-81
study likewise showed a 70 % response rate with
3-year DFS of responders at 79 % using a VACD-
based regimen (Jiirgens et al. 1988). Post hoc
analysis performed in this study suggested that
early intensification reduced rates of metastasis.
Results from this study emphasized the need to
improve local control. The establishment of cen-
tralized radiation planning mid-study reduced
local recurrence rates of approximately 50 %
early in the study to less than 25 % over the entire
6-year observation period (Jiirgens et al. 1988).
The ET-1 study, organized by investigators in the
United Kingdom, again confirmed the need for
intense early chemotherapy with VACD (Craft
et al. 1997). This study further emphasized the
need for aggressive local control, which is dis-
cussed in Chap. 9. The investigators made a point
to emphasize the incredibly poor outcomes of
patients with metastatic disease. While 45 of the
120 patients with localized disease were alive at
10 years, only 2 of the 20 patients presenting with
metastatic disease survived 10 years beyond
diagnosis, despite this aggressive chemotherapy
regimen.

Management of pelvic disease Given the poor
outcomes noted in previous studies for patients
with pelvic and sacral Ewing, the IESS-II study
sought to improve outcomes in patients with pel-
vic disease. In this study, all patients with pelvic
disease received intensified therapy with inter-
mittent dosing using VACD. The need for appro-
priate local control was emphasized, and all
patients with unresectable disease or with positive

margins received intensive radiation with 55 Gy
to the tumor bed with generous margins (Evans
et al. 1991). Reported separately from the rest of
the IESS-II trial, patients with pelvic disease
receiving treatment under this intensified regi-
men experienced 5-year remission-free survival
rates of 55 %, a dramatic improvement over the
23 % seen in the first IESS trial. These modifica-
tions in therapy, with intensification of chemo-
therapy and an emphasis on effective local
control, pushed the 5-year OS in patients with
pelvic disease very near than seen in patients
with localized disease of the extremity. One
should note, however, that multiple patients in
this treatment cohort experienced late relapses at
6 years and later—a phenomenon particularly
common to pelvic disease and a problem that
continues to this day and that should be consid-
ered in the early reporting of trial results.

Addition of ifosfamide and etoposide Seeking
to capitalize on promising early reports of the
activity of ifosfamide in Ewing’s sarcoma (dis-
cussed above), the two American groups (CCG
and POG) conducted a collaborative study to
investigate whether the addition of IE to standard
therapy would improve outcome (Grier et al.
2003). INT-0091 demonstrated a survival benefit
for patients with localized disease receiving
courses of alternating VACD and IE. The addi-
tion of IE in this study increased the 5-year event-
free survival (EFS) from 54 to 69 % in patients
with localized disease. There was no benefit seen
for patients with metastatic disease, with both the
control and experimental groups experiencing a
22 9% 5-year survival.

The group from the United Kingdom took a
slightly different approach to the integration of
ifosfamide in their ET-2 trial. Rather than
alternating courses of VACD with IE, patients
enrolled in ET-2 received cycles of ifosfamide,
vincristine, and doxorubicin (IVAD) throughout
both the neoadjuvant and adjuvant phases of ther-
apy. In the last several cycles, dactinomycin
replaced doxorubicin in order to limit cumulative
doses of doxorubicin. The five-year OS improved
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from 44 % in ET-1 to 62 % in ET-2 (Craft et al.
1998). Importantly, the benefits of ifosfamide-
based therapy also extended to patients who pre-
sented with metastatic disease. Five-year survival
for this group increased from 9 to 23 %. Patients
receiving ifosfamide in this study also experi-
enced decreased incidence of local relapse. It is
likely that this large benefit was more of a func-
tion of the markedly poor survival seen in the
small number of patients with metastatic disease
enrolled in ET-1 than it was a superiority of the
IVAD regimen, as the two studies reported essen-
tially identical results in patients with metastatic
disease.

Dose intensification Analyses performed in
the early 1990s suggested that outcomes in
patients with Ewing’s sarcoma depended largely
on the dose intensity of chemotherapy, espe-
cially with regard to doxorubicin (Smith et al.
1991). From 1995 to 1998, the INT-0154 study
sought to determine whether increasing the
doses of medications in the already-established
VDC + IE backbone could improve outcomes in
patients with localized disease (Granowetter
et al. 2009). Unfortunately, there were no bene-
fits seen with intensification of therapy by this
method, despite the increased numbers of tox-
icities observed. The five-year EFS was 70 %
for the intensified regimen vs. 72 % for the stan-
dard regimen.

Interval compression An alternate means of
dose intensification was born with the develop-
ment during the 1990s of marrow-stimulating
agents such as filgrastim, which proved effective
in accelerating marrow recovery. Using these
medications, chemotherapy could be given more
often. It was hypothesized that more frequent
administration of cytotoxic agents would allow
less time for recovery and expansion of
chemotherapy-resistant clones within tumors.
Preliminary studies testing this theory (Womer
et al. 2000) suggested that “interval compres-
sion” facilitated by the routine use of colony-
stimulating factors and less stringent count

recovery criteria for the initiation of subsequent
cycles could improve both EFS (73 %) and OS
(85 %). Investigators designed the AEWS0031
study to determine the value of interval compres-
sion in a large-scale randomized setting. Patients
enrolled in the study received the same chemo-
therapy dosage of VDC + IE either in traditional
3-week cycles or every 2 weeks by accelerating
count recovery after chemotherapy with filgras-
tim (Womer et al. 2012). Interval compression
improved both EFS and OS in patients with local-
ized disease (from 65 to 73 % and 77 to 83 %,
respectively). Importantly, interval compression
did not increase toxicity. This regimen of interval
compression with VDC + IE forms the backbone
of current standard therapy regimens in North
America and elsewhere.

6.2.5 Current Standard of Care

The treatment of patients with newly diagnosed
Ewing’s sarcoma continues to build on a back-
bone of vincristine, doxorubicin, and cyclo-
phosphamide. INT 0091 and ET-2 established a
role for ifosfamide and etoposide as well.
AEWSO0031 demonstrated the value of interval
compression. The most recent standard regi-
men, built on the successful evolution of these
studies, is illustrated in Fig. 6.1. Treatment
under this protocol consists of alternating cycles
of VDC and IE, which repeat for a total of 14
cycles of therapy. Recovery is supported by the
administration of G-CSF (granulocyte-colony
stimulating factor) at the conclusion of each
cycle. Subsequent cycles begin 14 days after the
beginning of the last cycle or as soon as the
patient demonstrates adequate hematologic
recovery (defined by platelets greater than
75,000/pL and absolute neutrophil count (ANC)
greater than 750/pL). Local control with surgery
and/or radiation therapy is recommended after
the sixth cycle of chemotherapy. If necessary,
radiation can begin during cycle 7. Doxorubicin
is omitted from the last two cycles of VDC to
reduce cumulative anthracycline exposure.
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Repeat 2 times
for a total of 6 cycles

Surgery and/or Radiation

VCR
DOX

IFOS
CPM ETOP

~__/

Repeat once
for a total of 4 cycles

.

IFOS
ETOP

VCR
CPM

NS

Repeat once
for a total of 4 cycles

Fig. 6.1 Schematic overview of treatment recommenda-
tions for Ewing’s sarcoma. Based on the experimental arm
used in AEWS0031, this interval compressed regimen is
currently considered the standard of care in North America
and elsewhere. See text for dosing details

Standard dosing for these agents is as
follows:

* VCR: vincristine 2 mg/m? (max 2 mg), day 1

¢ DOX: doxorubicin 37.5 mg/m?%day, days 1
and 2

* CPM: cyclophosphamide 1,200 mg/m?, day 1
with MESNA for uroprotection

» IFOS: ifosfamide 1,800 mg/m?/day, days 1-5
with MESNA for uroprotection

e ETOP: etoposide 100 mg/m?*day IV infusion
over 1-2 h, days 1-5

e G-CSF: filgrastim 5 mcg/kg/day SQ, max
300 mcg, beginning 24-36 h after the last dose
of chemotherapy, continued for at least 7 days
or until the ANC is at least 750, or pegfilgras-
tim 100 mcg/kg SQ, max 6 mg, once 24-36 h
after the last dose of chemotherapy

The failure of multiple attempts to improve
outcomes by increasing doses of these agents
above those used in typical modern regimens
suggests that conventional doses of these agents
probably lie somewhere near the ceiling of their
therapeutic windows.

6.2.6 Ongoing and Upcoming Trials

A number of European centers favor induction
using vincristine, ifosfamide, doxorubicin, and eto-
poside (VIDE, as used in the Euro-E.-W.IN.G. 99
study); this is considered to be an acceptable alter-
native standard of care. Euro-E-W.LN.G 99 was
designed to determine the safety and efficacy of this
intensified induction regimen utilizing VIDE. It was
also designed to compare the efficacy of consolida-
tion using vincristine/dactinomycin/ifosfamide
(VAI) with that of mega therapy consolidation using
busulfan/melphalan in patients with isolated pulmo-
nary metastases or poor responses to induction che-
motherapy and to compare the tolerability and
efficacy of consolidation therapy with VAI with that
of consolidation with VAC in good responders.
Investigators noted a lower-than-expected rate of
poor response to induction therapy early in the
study, which threatened accrual to the intermediate-
risk arm. The study was opened to members of the
Children’s Oncology Group under AEWS0331 in
2004 and was recently closed to accrual. Initial
reports from this study have shown that the VIDE
induction regimen can be given safely (Juergens
et al. 2006) and that the prognostic value of different
EWS fusion types may be questionable (Le Deley
etal. 2010).

The successor to AEWS0031, AEWS1031,
began recruiting in late 2010. This study aims to
test the effects of incorporating topotecan, an
inhibitor of topoisomerase, into the VDC + IE
backbone, essentially alternating topotecan and
doxorubicin in each subsequent cycle. The ratio-
nale for this study comes from activity observed
for combined cyclophosphamide/topotecan regi-
mens in patients with refractory/relapsed Ewing’s
sarcoma (Hunold et al. 2004; Saylors et al. 2001)
and from animal studies demonstrating more-
than-additive activity when topotecan is com-
bined with vincristine (Thompson et al. 1999).
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The study will continue to utilize interval com-
pression supported by routine utilization of
growth factor with less stringent count recovery
requirements. Recruitment is ongoing. Results
will not be known for several years to come.

6.3 Chemotherapy

for Osteosarcoma

Prior to the advent of chemotherapy, only a small
fraction of patients survived encounters with osteo-
sarcoma. With the introduction of adjuvant chemo-
therapy in the 1960s and early 1970s, combined
modality treatments improved the outlook. In little
more than a decade, survival surged to over 60 %.
Since the 1980s, however, improvements on these
outcomes have proved elusive (Allison et al. 2012)
despite myriad large-scale efforts testing promising
therapies. Multiple agents that appeared promising
in preclinical and early clinical studies proved dis-
appointing in phase III trials. Efforts to intensify
treatments have bought little change in survival,
while efforts to reduce intensity and spare patients
from many of the most harmful side effects had
very negative impacts on outcomes. The search for
more cures has been plagued by controversies con-
cerning the very value of adjuvant chemotherapy
and by study results that have proved difficult to
interpret. There is a clear need for new therapies
that can prevent and treat metastatic disease as cur-
rent therapies remain ineffective in the treatment of
disseminated osteosarcoma. Following is an over-
view summarizing approaches to the systemic
treatment of osteosarcoma, including the early his-
tory of systemic therapy and identification of active
agents, the approaches to therapy that have been
tested in cooperative group trials, current standards
of care, and emerging concepts that are being
addressed in ongoing clinical trials.

6.3.1 Identification of Active Agents

Cyclophosphamide Having observed the
responses of patients with leukemia and various
solid tumors, physicians started using cyclophos-
phamide to treat osteosarcoma during the early

1960s (Pinkel 1962; Finklestein et al. 1969;
Sutow et al. 1971). While these early studies
reported responses to cyclophosphamide in some
patients, only about 15 % of patients showed
objective responses. Treatment with higher doses
or for longer periods of time was limited by a
number of toxicities, especially hemorrhagic cys-
titis and persistent emesis. These limitations to
use were eventually overcome with improve-
ments in supportive care and preventive treat-
ments, especially the advent of effective
antiemetics (Cunningham et al. 1987) and of
agents which can prevent urotoxicity (Scheef
et al. 1979). Throughout the development of
combination  therapies,  cyclophosphamide
remained a staple of medical therapy, though it
has since been largely abandoned, as its use has
not enhanced outcomes beyond those obtained
with current standard therapies.

Dactinomycin In some of the first studies using
animal models of osteogenic sarcoma, the RNA
polymerase inhibitor dactinomycin showed sig-
nificant activity against the Ridgway osteogenic
sarcoma model (Schwartz et al. 1966, 1968).
While concern over treatment-related toxicities
prevented early adoption of dactinomycin for
treating patients with osteosarcoma, some human
studies were performed using the agent as a
radiosensitizer that did show activity (Cupps
et al. 1969). Interest in dactinomycin was
renewed after VAC (vincristine, dactinomycin,
and cyclophosphamide) showed efficacy in
patients with rhabdomyosarcoma. Early studies
utilizing VAC plus radiation therapy for patients
with metastatic pulmonary disease achieved
durable remissions in small numbers of patients
(Sutow et al. 1975).

Methotrexate Building on reports of the effi-
cacy of antifolates in children with non-Hodgkin’s
lymphoma and in adults with lung carcinomas,
oncologists from the Children’s Hospital Boston
group assessed the effects of high-dose metho-
trexate in patients with osteosarcoma. Their case
series, published in 1973, showed the responses
of ten patients with osteosarcoma (mostly meta-
static) to an escalating dose regimen of high-dose
methotrexate with citrovorum rescue (Jaffe et al.



92

R.D. Roberts et al.

1973). Nine of ten patients showed some
response, including two patients who showed
complete regression of lung metastases without
radiation. By 1975, Rosen et al. showed improve-
ment of 3-year EFS to 52 % by using high-dose
methotrexate (HDMTX) with doxorubicin and
cyclophosphamide, which together formed one
of the first multi-agent protocols, deemed the T4
protocol (Delépine et al. 1990). Subsequent trials
demonstrated a clear relationship to dose and
response, which has driven multiple efforts to
maximize methotrexate exposure (Winkler et al.
1984; Saeter et al. 1991). Methotrexate remains
an integral component of standard therapy regi-
mens to this day.

Doxorubicin came of age during the early
1970s. Investigators from the Acute Leukemia
Group assessed the efficacy of this agent in
patients with osteosarcoma and showed that
single-agent ~ doxorubicin  coupled  with
amputation increased disease-free survival to
45 % after 32 months (Cortes et al. 1974).
Multiple subsequent studies showed marked effi-
cacy of doxorubicin, including augmentation of
response when added to other effective agents
(Bacci et al. 1993; Smeland et al. 2003). The
importance of doxorubicin for treating osteosar-
coma was clarified by the COSS-82 study
(Winkler et al. 1988). This study aimed to deter-
mine whether patients could be spared to highly
toxic chemotherapy by withholding neoadjuvant
doxorubicin (and cisplatin), supposing that poor
histologic responders could be salvaged by intro-
ducing these agents to their adjuvant regimens.
Results showed that patients who did not receive
neoadjuvant doxorubicin fared poorly. The sub-
sequent addition of doxorubicin to regimens of
those who had poor histologic responses could
not salvage their outcomes. This highlighted the
importance of early dose intensity of doxorubicin
in the treatment of osteosarcoma.

A meta-analysis performed on published stud-
ies in the late 1980s suggested that of all the
agents employed in the treatment of osteosar-
coma to date, doxorubicin had the greatest effect
on outcome (Smith et al. 1991). The analysis also
suggested that the dose intensity (amount of drug

per unit time) had greater effect than total dose.
Attempts were made early in the use of doxorubi-
cin to push the dose of doxorubicin higher,
though these efforts caused unacceptably high
rates of cardiotoxicity (Von Hoff 1979). Analysis
suggested that cumulative doses less than
240 mg/m? were generally safe, but that rates of
cardiotoxicity increased markedly with higher
doses (Von Hoff 1979; Lipshultz et al. 1995).
Data also suggested that decreasing the rate of
administration could reduce the risk for develop-
ing cardiomyopathies (Lipshultz et al. 1995), but
this has not played out in pediatric studies
(Lipshultz et al. 2012). Doxorubicin continues to
prove itself a very important drug in the treatment
of osteosarcoma, with many believing it to be the
most important single agent in modern regimens
(Eselgrim et al. 20006).

The primary dose-limiting toxicity of doxoru-
bicin has always been the development of cardiac
failure and chemotherapy-related cardiotoxicity.
Dexrazoxane has been developed as a cardiopro-
tective agent. When given prior to chemotherapy,
it can significantly reduce the rates of cardiotox-
icity (Kalam and Marwick 2013) without reduc-
ing the therapeutic efficacy of doxorubicin. The
use of dexrazoxane is recommended in patients
receiving cumulative doses of anthracyclines that
present a significant risk for substantial cardiac
damage (van Dalen et al. 2005). Dexrazoxane
continues to be increasingly utilized in protocols
recommending higher doses of doxorubicin,
which has become a routine (Anderson 2005;
Mulrooney et al. 2009).

Cisplatin A platinum-based DNA cross-linking
agent, it was introduced in the late 1970s and
quickly found favor with those treating osteosar-
coma. In 1978, Ochs et al. reported responses in
six of eight patients with disease recurrence after
treatment with HDMTX and doxorubicin (Ochs
et al. 1978). Several other studies have confirmed
response rates in relapsed disease of approxi-
mately 40 % (Baum et al. 1979; Winkler et al.
1983). Ettinger et al. treated 12 newly diagnosed
patients with cisplatin and doxorubicin in a neo-
adjuvant fashion and observed durable responses
in most patients, with no evidence of disease in
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10 out of 12 patients at a median follow-up of
23 months (Ettinger et al. 1981). In the COSS-82
study, the combination of doxorubicin/cisplatin
was found to be far superior to BCD (bleomycin,
cyclophosphamide, dactinomycin) (Winkler
et al. 1988). While tolerated doses can be limited
by nephrotoxicity and ototoxicity, cisplatin
remains a primary agent for the treatment of
osteosarcoma, a primary component of the MAP
(methotrexate, adriamycin [doxorubicin], plati-
num [cisplatin]) backbone used in most modern
regimens.

Ifosfamide (and etoposide) Ifosfamide, another
nitrogen mustard derivative, has been used as an
alkylating agent in chemotherapy protocols since
the early 1980s. A report by Marti et al. in 1985
sparked interest in ifosfamide as treatment for
osteosarcoma. They reported clinical responses
in one-third of patients with recurrent osteosar-
coma (Marti et al. 1985). The COSS-86 study
incorporated ifosfamide into the neoadjuvant
treatment regimen and showed an improvement
in histologic tumor response when added to the
MAP backbone (Winkler et al. 1990).
Investigators found evidence for synergy between
ifosfamide and etoposide in recurrent sarcomas
(Miser et al. 1987b), and data from the Rizzoli
IOR-II study suggested that the combination may
have improved outcomes for poor responders
(Bacci et al. 1993). Based on these data, the
Scandinavian group replaced the upfront regimen
(MAP) with ifosfamide and etoposide (IE) alone
as the salvage regimen for poor responders in the
SSG-VIII study (Smeland et al. 2003).
Unfortunately, their results showed that patients
receiving IE alone as salvage therapy fared much
worse than patients who continued to receive
MAP. The INT-0133 study set out to definitively
determine whether there was any benefit to aug-
menting the MAP backbone by adding ifos-
famide. The results of that study were difficult to
interpret (Meyers et al. 2005) due to an interac-
tion in the statistical analysis of the factorial
study design. In the most recent follow-up data
(Meyers et al. 2008), howeyver, it appears that the
addition of ifosfamide by itself to the backbone
regimen did not improve outcomes. Given these

unclear results, many have continued to use ifos-
famide or IE in the treatment of patients with
osteosarcoma, though the data to support this has
not been robust. The EURAMOS-1 study was
designed to directly answer this question by com-
paring MAP-IE to MAP alone in a large cohort of
poor histologic responders (Marina et al. 2014).
The results of that study suggest that augmenta-
tion of standard MAP therapy with IE provides
no clear survival benefit for patients with poor
histologic response (see Chap. 8), while it defini-
tively carries a cost of increased toxicity. Whether
or not this more intensive regimen would be ben-
eficial for patients with a good histologic response
(i.e., those proved to be the most chemorespon-
sive) has not been tested.

Some suggest that ifosfamide may be more
effective for osteosarcoma when given in doses
much higher (15-18 mg/m?) than those typically
used in most protocols (12 mg/m?). Whether
high-dose ifosfamide truly provides additional
benefit, and whether those benefits are warranted
given the significant additional renal and hemato-
logic toxicity, remains controversial. Trials
directly comparing the efficacy of high-dose ifos-
famide to standard-dose ifosfamide have pro-
duced conflicting results (Berrak et al. 2005;
Ferrari et al. 2005; Kudawara et al. 2013). Some
have expressed that the marked toxicities
observed with these therapies do not justify even
the best results noted in the previous studies.
Regardless, many patients with recurrent, refrac-
tory, and metastatic disease have been treated
with high-dose ifosfamide and etoposide, and
this is generally considered an appropriate
treatment.

6.3.2 Collaborative Groups

While osteosarcoma is the most common pri-
mary malignant tumor of the bone, it remains a
relatively rare disease when compared to other
malignancies and disease entities. The need to
increase patient numbers in order to expedite and
enhance the study of treatments for osteosarcoma
was apparent early, and multiple collaborative
groups formed across the United States and
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Europe. These have included the German-
Austrian-Swiss study group, which has produced
the COSS trials; the Scandinavian group, which
has produced the SSG trials; the Italian group
from the Rizzoli Institute; the European
Osteosarcoma Intergroup (EOI) headquartered in
Great Britain; and the North American groups,
now consolidated under the Children’s Oncology
Group, among others. More recent trials have
been conducted under the umbrella of
EURAMOS, which has organized all of these
groups into one large international collaborative
group for conducting clinical trials in patients
with osteosarcoma.

A summary of the collaborative group studies
undertaken to date is outlined in Table 6.2.
Important findings from those studies and the
ways in which they have influenced our current
standard of care are given in the sections that
follow.

6.3.3 Multi-agent Chemotherapy

BCD (bleomycin, cyclophosphamide, dactino-
mycin) During the early days of chemotherapy,
BCD formed the backbone of many different
chemotherapy  regimens. Investigators at
Memorial Sloan Kettering showed overall
response rates of 62 % in a group of patients con-
taining both patients with treatment failure and
newly diagnosed patients (Mosende et al. 1977).
The COSS-80 study compared the BCD with cis-
platin and found the two regimens to have very
similar efficacy (Winkler et al. 1984). Given the
increased toxicities associated with the platinum-
based compound, authors reporting the results of
that study favored the ongoing use of BCD over
cisplatin. These results, however, conflicted with
prior studies. In COSS-82, investigators replaced
neoadjuvant doxycycline and cisplatin with BCD
in an effort to reduce treatment-related toxicities.
Patients receiving the experimental BCD regi-
men fared much worse than those receiving the
more toxic agents (27 % vs. 59 %). Clear differ-
ences in those receiving the BCD-containing sal-
vage regimen further confirmed the inferiority of

BCD to other available therapies (Winkler et al.
1988). Since the publication of that study, BCD
has largely been abandoned in the treatment of
patients with osteosarcoma.

MAP (methotrexate, adriamycin [doxorubi-
cin], platinum [cisplatin]) As illustrated above,
high-dose methotrexate, doxorubicin, and cispla-
tin remain the three drugs with greatest efficacy
in the treatment of patients with osteosarcoma.
Variations on regimens combining these three
agents have formed the backbone of chemother-
apy protocols for osteosarcoma since the early
1980s (Link et al. 1986; Winkler et al. 1990) and
continue to do so in modern practice.

6.3.4 Approaches to Systemic
Therapy

Adjuvant therapy Improvements in patient
outcomes during the 1960s and early 1970s were
heralded as great achievements. Over the course
of a little more than a decade, survival in patients
with osteosarcoma had improved from 15 % to
nearly 60 %. While most oncologists attributed
these gains to the adjuvant use of chemotherapy,
investigators from the Mayo Clinic reported stud-
ies in the early 1980s which caused many to
question both the value of adjuvant chemother-
apy and the validity of historical control studies.
In their study, patients who underwent surgical
resection alone experienced the same 42 % sur-
vival rate as patients who underwent 1 year of
treatment ~ with  high-dose = methotrexate
(Edmonson et al. 1984). A subsequent meta-
analysis of outcomes for patients treated surgi-
cally at their institution prompted investigators to
conclude that there had been a “natural improve-
ment” in the outcomes of patients with osteosar-
coma, independent of systemic chemotherapy
(Taylor et al. 1978, 1985). They suggested that
improved diagnostic and surgical techniques
developed over the previous decades were the
primary drivers of the improved outcomes.
Significant controversy ensued, and the matter
was not ultimately resolved until the publication
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of the multi-institutional osteosarcoma study
(MIOS) in 1986 (Link et al. 1986). This carefully
controlled study demonstrated clear benefit to
patients treated with adjuvant chemotherapy,
with 66 % of patients receiving the BCD +
HDMTX regimen alive without disease at 2 years
vs. 17 % EFS in those who did not receive this
regimen. This study also made use of both a pro-
spectively randomized control group and a his-
torical control group. The results validated the
use of historical controls in these types of studies,
and a myriad of subsequent findings have
affirmed the value of adjuvant chemotherapy.

Neoadjuvant therapy In the early 1980s, the
group from Memorial Sloan Kettering introduced
the concept of neoadjuvant chemotherapy
through the T5-T7 protocols (Winkler et al.
1988). With the development of the new limb sal-
vage surgeries, the time period between diagno-
sis and surgery was often prolonged in order to
permit the manufacture of prostheses. To bridge
that gap between diagnosis and definitive surgi-
cal resection, patients were started on chemother-
apy. Further justification for pursuing neoadjuvant
chemotherapy came from observations regarding
patterns of metastasis: more than 80 % of patients
presenting with localized disease who were
treated with amputation alone developed metas-
tases, suggesting that most patients had micro-
scopic metastases within their lungs at diagnosis.
Rosen’s group argued that early administration of
chemotherapy would be more effective in treat-
ing micrometastases and that waiting until after
surgery to provide adjuvant chemotherapy would
only permit those metastases to develop further
and acquire resistance. Moreover, by administer-
ing chemotherapy in a neoadjuvant setting, one
could assess the chemoresponsiveness of a
patient’s tumor by quantifying tumor necrosis at
the time of resection. The prognostic value of
neoadjuvant chemotherapy was subsequently
borne out in multiple clinical trials (Bielack et al.
2002; Kager et al. 2003; Bacci et al. 2005).

An additional benefit of neoadjuvant chemo-
therapy with assessment of histologic response
was to accelerate the development of chemother-
apy protocols (Rosen 1985). By using percent

necrosis at the time of resection as a surrogate for
efficacy of the various regimens, the observation
period required for assessing differences between
regimens was dramatically shortened. This
advance allowed new studies to benefit from the
results of previous studies almost immediately.

As experience grew, there arose reasons to
question the overall value of relying on histologic
assessment of response to neoadjuvant chemo-
therapy as a lone surrogate for response to treat-
ment. While it has been clear that the
determination of histologic response to treatment
has clear prognostic value, two problems
emerged. First, no new agents have been found
which can effectively salvage poor responders.
Attempts to intensify adjuvant therapy for poor
responders have generally yielded poor results
(Picci et al. 1985; Saeter et al. 1991; Goorin et al.
2003; Bacci et al. 2005; Marina et al. 2014). This
concept is discussed further in the following sec-
tion. Secondly, efforts designed to increase tumor
necrosis in the primary tumor, while effective at
increasing necrosis, have not translated into con-
cordant improvements in outcome. Perhaps this
phenomenon has been most evident in studies
investigating intra-arterial chemotherapy
(Winkler et al. 1990; Meyers et al. 1998; Ferrari
et al. 2005).

The utilization of neoadjuvant chemotherapy
does provide additional benefits, which will
likely fuel its continued use in the treatment of
malignant bone tumors. Preoperative shrinkage
and consolidation of the primary tumor often
facilitates resection and limb salvage procedures.
Starting patients with chemotherapy often avoids
delays that can occur while waiting for surgical
procedures to be scheduled and gives surgeons
time to plan and prepare for a successful limb-
sparing procedure.

Salvage chemotherapy Given the ability to
evaluate response to therapy in a proactive fash-
ion, some have proposed an approach which aims
to limit toxicity by giving all patients a less inten-
sive neoadjuvant regimen. Patients who show
good response than complete therapy on the less
intensive regimen, and patients who show poor
response can then be salvaged using more
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Table 6.2 Osteosarcoma trials discussed in the text

Study

T10 (Rosen et al.

1982)

COSS-80
(Winkler et al.
1983)

COSS-82
(Winkler et al.
1988)

SSG-II (Saeter
etal. 1991)

CCG 782
(Provisor et al.
1997)

EOI-1 (Bramwell

et al. 1992)

IOR/OS-1 (Bacci

et al. 1990)

MIOS (Link et al.

1986)

COSS-86
(Winkler et al.

1990; Fuchs et al.

1998)

Years

1978-1982

1979-1982

1982-1984

1982-1989

1983-1986

1983-1986

1983-1986

1986

1986-1988

No. of patients Regimen

57 Neo: HDMTX + DOX +

BCD
Adj:

GR: HDMTX + DOX

+BCD

PR: DOX + CDDP +

BCD
192 Neo: MTX + DOX +
VCR + XRT
Adj:

MTX + DOX + VCR +

BCD

141 Neo: HDMTX + BCD
vs. MAP
Adj:

GR: HDMTX + BCD

or MAP

PR: DOX + CDDP or

CDDP + IFOS +
BCD
107 Neo: HDMTX
Adj:

GR: HDMTX + DOX

+ BCD

PR: HDMTX + DOX

+ CDDP + BCD

268 Neo: HDMTX + BCD
Adj:

GR: HDMTX + DOX

+BCD

PR: DOX + CDDP +

BCD
198 DOX + CDDP vs. MAP
127 Neo: MTX (HD vs. MD)
+ IA CDDP

Adj:
GR: MTX + CDDP
FR: MTX + DOX +

CDDP
PR: DOX + BCD
36 DOX + CDDP + BCD
171 LR: MAP

HR: MAP (IV vs. IA
CDDP) + IFOS

Findings

Suggested value to “salvage” therapy,
showing equivalent responses in PRs
switched from HDMTX to CDDP
CDDP more effective than HDMTX?
93 % DFS at a median of 20 months
from start of chemo

No adverse outcomes from delaying
definitive surgery

No change in natural history of
disease

Definitive benefit of adjuvant
chemotherapy

BCD worse than DOX + CDDP
Delayed administration of DOX led
to poor outcomes

Could not salvage poor responders
by adding back DOX + CDDP
Confirmed prognostic value of
histologic necrosis

Single-agent MTX not effective as
neoadjuvant therapy

Confirmed dose-response for serum
MTX and tumor necrosis

Salvage chemotherapy was not
effective

Unable to confirm same outcomes as
published for T10 protocol
Validated histological response as
prognostic tool

Unable to salvage PR with CDDP

No improvement in outcome with
addition of HDMTX

Similar outcomes using simplified
regimen

Improved outcomes with HDMTX
relative to standard dose

Very poor outcomes in PR salvaged
with DOX + BCD

Improved outcomes with adjuvant
multi-agent chemotherapy

Improved outcomes in patients
receiving [FOS

Increased histologic response with
addition of IFOS

No improved histologic response or
survival benefit with IA CDDP
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Study Years No. of patients Regimen Findings
IOR/OS-2 (Bacci  1986-1989 164 Neo: MAP (IA CDDP) PR salvaged with MAP + IE had
etal. 1993) Adj: outcomes similar to GR
GR: MAP Increased heart failure with DOX
PR: MAP + IE doses >390 mg/m?
EOI-2 (Souhami  1986-1991 391 DOX + CDDP vs. Equivalent outcomes with 2-drug
etal. 1997) Neo: HDMTX + DOX + regimen and T10 protocol
VCR Improved tolerability and decreased
Adj: HDMTX + DOX +  cost of simplified regimen
CDDP + BCD
T12 (Meyers 1986-1993 73 Neo: HDMTX + BCD + Intensified neoadjuvant regimen
et al. 1998) DOX + CDDP produced modest increase in
Adj: MAP + BCD histologic response but no
improvement in EFS
POG 8651 1986-1993 100 MAP + BCD Delaying definitive surgical resection
(Goorin et al. Surgery week 0 vs. week did not affect outcome
2003) 10
SSG-VIII 1990-1997 113 Neo: HDMTX + DOX + Improved outcomes when DOX and
(Smeland et al. CDDP CDDP added to neoadjuvant therapy
2003) Adj: No improvement in outcome for PR
GR: HDMTX + DOX by switching to IE response did not
+ CDDP increase survival
PR: IE
IOR/OS-3 1993-1995 95 Neo: MAP (IA vs. IV Decreased cardiotoxicity with
(Ferrari et al. CDDP) cumulative doses of DOX <390 mg/
1999) Adj: m?
GR: MAP PR effectively salvaged with IFOS
PR: MAP + IFOS IA CDDP improved histologic
response, but not outcome
INT 0133 1993-1997 662 MAP No improvement in outcome with
(Meyers et al. + [FOS IFOS
2005, 2008; Chou + MTP-PE Increased overall survival with
et al. 2009) MTP-PE
EOI-3 (Lewis 19932002 497 DOX + CDDP (3 weeks) Interval compression improved
et al. 2007) vs. DOX + CDDP + histological response but not survival
G-CSF (2 weeks)
ISG/SSG-1 19972000 182 MAP + HDIFOS No improvement in survival with
(Ferrari et al. HDIFOS
2005) Major renal and hematologic
toxicities with HDIFOS
EURAMOS-1 2005-2011 1,335 Neo: MAP No improvement in RFS for GR
(Bielack et al. Adj: receiving IFN
2013; Marina GR: MAP + IFN No improvement in outcomes for PR
etal. 2014) PR: MAP + IE receiving IE
Increased toxicities
with MAP + IE

Adj adjuvant therapy, BCD bleomycin + cyclophosphamide + dactinomycin, CDDP cisplatin, DOX doxorubicin, G-CSF
granulocyte colony-stimulating factor, GR good responders, /A intra-arterial, /E ifosfamide + etoposide, /FN interferon
alpha, IFOS ifosfamide, IV intravenous, MAP high-dose methotrexate + doxorubicin + cisplatin, MTP-PE muramyl
tripeptide liposomal, Neo neoadjuvant therapy, PR poor responders
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intensive therapies. Interest in such an approach
was piqued when Rosen et al. reported the results
of the T10 trial. In this trial, patients showing
poor response to neoadjuvant HDMTX, doxoru-
bicin, and BCD were switched to cisplatin- and
doxorubicin-based adjuvant therapy. Results
showed very similar outcomes for patients receiv-
ing the salvage regimen compared to the group
showing good response to neoadjuvant therapy
(Rosen et al. 1982).

The COSS-82 study sought to build on the sal-
vage concept by reducing the intensity of
neoadjuvant therapy under the hypothesis that
poor responders could be salvaged with an inten-
sified regimen (Winkler et al. 1988). All patients
on the experimental arm of this study received
neoadjuvant HDMTX and BCD only. Patients
who had poor histologic response transitioned to
adjuvant therapy with cisplatin and doxorubicin.
The results of that study showed that patients in
the experimental groups experienced outcomes
that were markedly inferior both to the control
groups and to the historical controls, regardless
of whether patients showed good histologic
response or received salvage adjuvant therapy.

Similar results were shown in the Scandinavian
SSG-II trial (Saeter et al. 1991). This study took a
similar approach, de-intensifying the neoadjuvant
regimen by using HDMTX alone. Efforts to tran-
sition poor responders to postoperative doxorubi-
cin and cisplatin did not adequately salvage this
group. SSG-II clearly showed the inadequacy of
neoadjuvant chemotherapy with HDMTX mono-
therapy. The subsequent SSG-VIII trial sought
to capitalize on this by intensifying neoadju-
vant therapy to a regimen containing HDMTX,
doxorubicin, and cisplatin (Smeland et al. 2003).
That trial also investigated whether transitioning
to alternative adjuvant therapy could improve
outcomes in poor responders. Patients who had
poor response were changed from cisplatin and
doxorubicin to ifosfamide and etoposide. These
patients did worse than those who stayed on ini-
tial therapy, despite the poor histologic response.
This result contrasts with those seen in the IOR-II
trial at the Rizzoli Institute, where poor respond-
ers were given a regimen that augmented doxo-
rubicin and cisplatin therapy with the addition

of ifosfamide and etoposide (Bacci et al. 1993).
In that trial, poor responders who received aug-
mented therapy experienced outcomes very
similar to good responders. A subsequent study
suggested that ifosfamide alone might salvage
outcomes for poor responders (Ferrari et al.
1999). A clearer picture of the real benefits pro-
vided by intensification of adjuvant therapy has
come with the completion of the EURAMOS-1
trial. This trial was designed to directly compare
poor responders who received intensified che-
motherapy with ifosfamide and etoposide with
those who continued the MAP-based backbone
therapy. The eagerly awaited results of this large
cooperative trial have been released (Marina
et al. 2014) and show that while intensification of
therapy with ifosfamide and etoposide increases
the toxicities and second malignancies that
patients experience, it does not improve disease-
free outcomes.

Intra-arterial chemotherapy Given the clear
prognostic value of histologic response after neo-
adjuvant chemotherapy, some have predicted that
therapies targeting increased necrosis might
improve outcomes. One therapeutic strategy for
increasing necrosis of the primary tumor is intra-
arterial administration of chemotherapy. Several
studies have used this approach to increase the
local concentration of antineoplastics and thus
improve histologic response. Multiple studies
testing the validity of this approach have shown
that while intra-arterial chemotherapy can
improve histologic responses to neoadjuvant
therapy, this improvement in histologic response
is not associated with a similar improvement in
survival (Winkler et al. 1990; Meyers et al. 1998;
Ferrari et al. 2005). Intra-arterial chemotherapy
is, however, associated with increased cost,
increased patient discomfort, and increased com-
plication rates. Such approaches to augmentation
of therapy have largely been abandoned.

Dose intensification Much of the development
of chemotherapy regimens for osteosarcoma has
focused on the intensification of therapy. Advances
have focused on intensification both through the
increase of total cumulative doses and through the
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compression of interval timing. As discussed in
each of the individual sections above, clear dose-
response relationships exist for most of the active
agents in osteosarcoma: doxorubicin, alkylating
agents, methotrexate, and cisplatin. Intensification
of these regimens often pits increases in efficacy
against increases in toxicity, both of which accom-
pany dose augmentation. Details relevant to inten-
sification of each of these individual agents are
discussed in their corresponding sections under
Sect. 6.3.1. Some efforts to intensify systemic neo-
adjuvant chemotherapy have generated improve-
ments in histologic response, though these have
not always translated into bona fide improvements
in clinical outcomes.

Simplified regimens Some groups, most nota-
bly the EOI, have advocated treatments which
attempt to simplify chemotherapy regimens,
reducing toxicities and side effects while main-
taining outcomes. The first study conducted by
their group, EOI-1, showed that patients receiv-
ing a short (six-cycle) regimen of doxorubicin
and cisplatin fared better than those receiving
a combined regimen with four cycles of cispla-
tin/doxorubicin alternating with four cycles of
HDMTX (Bramwell et al. 1992). When out-
comes seen for patients receiving the short-
ened regimen appeared to be comparable to
many of the more prolonged regimens utilized
at that time, EOI pushed forward with a study
comparing the two-drug regimen to the then-
standard-of-care T10 protocol, which utilized
doxorubicin, cisplatin, HDMTX, and BCD. The
results of that study showed essentially identi-
cal outcomes for the two groups (Souhami et al.
1997). Since that time, overall outcomes have
improved and now have survival rates supe-
rior to those obtained with these simplified
regimens. With the exception of EOI-3 (which
examined the effects of interval compression of
the simplified regimen using filgrastim) (Lewis
et al. 2007), no subsequent studies of substan-
tial size and quality have revisited the concept
of the simplified regimen. The results shown
through this series of investigations do raise
some interesting questions. For example, while
methotrexate clearly has single-agent activity in

osteosarcoma, EOI-1 would suggest that it may
not provide additional benefit beyond that seen
with doxorubicin and cisplatin alone. Answers
to these questions will depend on the design of
future trials that address them.

Immunotherapy Clinicians and scientists have
long hypothesized a role for the immune system
in the control of osteosarcoma. Some trials have
incorporated agents such as inhaled GM-CSF
and interferon (IFN)a. Among the most intrigu-
ing results obtained with immunotherapy have
been the reports of IFNa-only adjuvant therapy
given to patients at the Karolinska Institute. They
reported 39 patients who were treated postopera-
tively with interferon alone yet enjoyed 10-year
event-free survival rates of 43 % (Miiller et al.
2005). EURAMOS-1 attempted to capitalize on
these observations by treating a cohort of good
responders with maintenance interferon therapy
after completion of adjuvant MAP. A preliminary
report of that study suggested that MAP plus
interferon is not superior to MAP alone, with
event-free survival of 77 and 74 % (Bielack et al.
2013). These results may have been handicapped
by poor adherence to therapy; nearly one of every
four patients randomized to receive interferon
never started it, and nearly half of those who did
discontinued it prior to completion of the study.
The most widely studied immunomodulatory
agent in osteosarcoma has been mifamurtide
(L-MTP-PE), which contains a synthetic analog
of bacterial cell wall components encapsulated in
liposomes for delivery directly to macrophages.
In preclinical studies, L-MTP-PE causes histo-
logic changes that induce peripheral fibrosis sur-
rounding the tumor, inflammatory cell infiltration,
and neovascularization (Bielack et al. 2004). The
INT-0133 study initially set out to determine
whether L-MTP-PE (with or without the addition
of ifosfamide) would enhance survival outcomes
when added to a backbone of MAP therapy.
Unfortunately, the results from the INT-0133
study initially showed a statistical interaction in
the 2x2 study design between ifosfamide and
L-MTP-PE (Meyers et al. 2005), making the
study underpowered as the design relied on the
independence of each arm in the analysis.
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Conclusions were therefore difficult to draw from
the results. A subsequent statistical analysis
undertaken after more follow-up data were col-
lected suggested that there was, in fact, benefit
derived from L-MTP-PE, but not from ifosfamide
(Meyers et al. 2008). There was a statistically sig-
nificant improvement in overall survival (78 %
versus 70 %) and event-free survival in those
receiving MTP-PE independent of the chemo
regimen. A similar pattern was seen in patients
with metastatic disease, with 5-year survival in
patients receiving L-MTP-PE of 45 % compared
to 26 % in patients not receiving L-MTP-PE
(Chou et al. 2009). Given the number of patients
enrolled, however, these differences did not reach
statistical significance. With the initial confusion
surrounding the results of INT-0133 and with
current difficulty obtaining L-MTP-PE, whether
it will ever be incorporated into mainstream ther-
apy—and what exactly the benefits of incorpora-
tion might be—remains unclear.

Further discussion of immunotherapies can be
found in Chap. 15.

6.3.5 Current Standard of Care

The treatment of patients with newly diagnosed
osteosarcoma builds on a backbone of recurring
cycles of doxorubicin, cisplatin, and high-dose
methotrexate. There is now rather definitive evi-
dence from the EURAMOS-1 trial suggesting
that the addition of ifosfamide and etoposide pro-
vides no additional benefit to patients with local-
ized disease who are poor responders to
neoadjuvant chemotherapy. The standard that has
emerged from the results of these studies is illus-
trated in Fig. 6.2. Treatment with this regimen
consists of recurring cycles of doxorubicin and
cisplatin followed 3 weeks later by two courses
of high-dose methotrexate with leucovorin res-
cue. This course is repeated until the patient has
completed six cycles (18 courses of chemother-
apy). Surgical resection is undertaken after the
second cycle when possible. Given the cumula-
tive exposures resulting from these protocols,
many recommend cardioprotection with dexra-
zoxane prior to doxorubicin infusions.

DOX 2 weeks 1 week
CDDP HDMTX HDMTX
\ 1 week
Repeat 5 week cycle once
(10 total weeks of therapy)
L DOX 2 weeks 1 week
CDDP HDMTX HDMTX
\ 1 week
Repeat 5 week cycle once
|—> DOX |22 ol HDMTX |[=22 ! HDMTX

\ week

Repeat 5 week cycle once

Fig.6.2 Schematic overview of treatment recommenda-
tions for osteosarcoma. Based on the protocols used in the
recent EURAMOS-1 study, this regimen formed the stan-
dard of care treatment arm for both groups. In the absence
of conclusive evidence supporting further intensification
of therapy in poor responders, this regimen should be con-
sidered standard of care for all patients with localized
disease

Standard dosing for these agents is as
follows:

¢ DOX: doxorubicin 37.5 mg/m*day, days 1
and 2 of week 1 of each cycle. Dexrazoxane
may be given immediately prior to each doxo-
rubicin infusion for cardioprotection.

* CDDP: cisplatin 60 mg/m?/day, days 1 and 2
of week 1 of each cycle.

¢ HDMTX: methotrexate 12 g/m?dose, day 1 of
weeks 4 and 5 of each cycle. Leucovorin res-
cue should be started 24 h after the start of
each MTX infusion and continued until MTX
serum levels clear.

As with Ewing’s sarcoma, the failure of mul-
tiple trials aimed at intensifying these therapies
either by increasing doses of the above agents or
by the addition of other cytotoxic agents has led
many to conclude that the dose levels used in
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these modern protocols probably lie very near the
ceiling of the therapeutic window.

6.3.6 Ongoing and Upcoming Trials

As illustrated above, treatment of osteosarcoma
has greatly improved since the turn of the nine-
teenth century. The research efforts of countless
scientists and clinical investigators have proved
the value of a multidisciplinary approach com-
bining the best of systemic chemotherapy and
surgical resection have to offer. Frustratingly,
outcomes for patients with osteosarcoma have
stagnated over the last 40 years, despite multiple
efforts to improve therapy (Allison et al. 2012).
Future advances are likely to come from improved
understanding of the biology of this disease and
from novel approaches to treatment.

Treatment of Metastatic
Disease

6.4

While improvements for patients with localized
disease have been slow and incremental, they
have been real. Unfortunately, there have been
no real improvements in patients with dissemi-
nated disease. Whether patients present with
metastatic disease or develop metastasis after
initial therapy, prognosis remains incredibly
poor with 2-year survival generally less than
20 % (Allison et al. 2012). The failure of multi-
ple efforts to improve outcomes by intensifica-
tion of therapy suggests that our current standard
of care regimens likely maximize the effects that
can be seen with modern cytotoxic agents. Much
research rightfully continues to focus on improv-
ing outcomes for this group of patients. Real
advances are likely to come only with novel and
innovative new therapies that build on an
improved understanding of the biology that
drives metastatic disease.

Metastatic Ewing’s sarcoma While aggressive
treatment with cytotoxic agents has significantly
improved the outcomes for patients with local-
ized Ewing’s sarcoma, there have been few

improvements for patients with metastatic dis-
ease. Two-year EFS for patients with metastatic
Ewing’s sarcoma remains <20 %. Multiple trials
have sought to improve outcomes through inten-
sification of therapy. The most dramatic of these
concepts has been that of “mega therapy,” where
dose-limiting hematopoietic toxicities are over-
come by stem cell rescue, facilitating further
dose escalation with conventional agents. These
trials operated under the hypothesis that dose
escalation would enhance tumor cell destruction
and provide a corresponding increase in survival.
One particular early study showed benefit to
mega therapy (Burdach et al. 1993), though oth-
ers have had difficulty replicating these results. It
is probable that the decision to limit treatment to
high-risk patients who were able to achieve
remission, as well as the exceptionally poor out-
comes in the control group (zero percent sur-
vival), skewed these results. From 1996 to 1998,
CCG-7951 compared the regimen utilized in the
INT-0091 study (VDC + IE, discussed in
Sect. 6.2.4) with high-dose chemotherapy fol-
lowed by autologous stem cell transplant in
patients with high risk for Ewing’s sarcoma.
Good responders were given mega therapy con-
sisting of TBI followed by melphalan and etopo-
side with autologous stem cell rescue (Meyers
et al. 2001). When comparing all patients, the
2-year EFS of 20 % in patients receiving mega
therapy was no different from those who did not.
When comparison was limited only to patients
who achieved stem cell transplant, the 2-year
EFS was only slightly better at 25 %.

The Memorial Sloan Kettering P6 protocol
used a similar VDC + IE induction protocol.
Patients achieving good tumor response then
received either TBI/melphalan or thiotepa/carbo-
platin followed by autologous stem cell trans-
plant. They concluded that neither regimen
maintained remission (Kushner and Meyers
2001), with 2-year EFS of 10 % and 3-year EFS
at only 5 %. An extensive review published with
the report of this study summarized the results of
multiple smaller studies and concluded that none
of these approaches to mega therapy provided
much benefit. In the US collaborative group, nei-
ther prolonged induction, shorter induction, nor
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end intensification with TBI/melphalan/etopo-
side has improved EFS. From the NCI, short-
term induction with TBI followed by end
intensification did not improve outcomes. The
cooperative group from the United Kingdom
conducted a study using prolonged treatment
with modest dosing with ifosfamide replacing
cyclophosphamide but failed to demonstrate an
improvement in EFS. In studies done by the
German and European cooperative groups, add-
ing etoposide to prolonged treatment also did not
improve outcomes. There was a report from the
group at St. Jude which showed improved out-
comes using prolonged semicontinuous therapy
at modest doses, achieving 3-year EFS of 54 %.
Unfortunately, studies from France, the United
States, and Chile were unable to replicate these
results. The EBMTR has shown some improve-
ment in outcomes using a hyper-myeloablative
protocol containing busulfan, though no clear
overall advantage could be found as long-term
complications skewed the results (Burdach et al.
2000).

Others have shown some benefit with irinote-
can and temozolomide (Wagner et al. 2004;
Wagner and McAllister 2007; Casey et al. 2009).
While survival was not significantly improved
with irinotecan/temozolomide, some studies have
noted symptomatic improvement in as many as
50 % of patients (Wagner and McAllister 2007).
Many consider this regimen to be useful in
palliation.

Metastatic osteosarcoma The prognosis of
patients with metastasis in osteosarcoma
remains very poor, with survival ranging from
20 to 40 % (Boye et al. 2014). Despite many
efforts to improve outcomes for this group of
patients, none have provided real advances that
improve survival. Notable efforts to improve
outcomes for patients with metastatic osteosar-
coma include those using higher doses of MTX
and ifosfamide (Bacci 2003) and adding trastu-
zumab (human epidermal growth factor recep-
tor 2 antibody) to high-dose chemotherapy
(Ebb et al. 2012). A Children’s Oncology Group
study published in 2002 showed a 2-year OS of
59 % for patients with newly diagnosed

metastatic osteosarcoma who received high-
dose ifosfamide and etoposide (Goorin et al.
2002). This finding represented a marked
improvement over the 30 % response rate seen
previously with standard-dose ifosfamide alone
(Harris et al. 1995) and the 33 % response rate
seen for patients with recurrent disease treated
with ifosfamide and etoposide (Miser et al.
1987b), but has not been reproduced. The
degree to which these numbers resulted from
treating untreated disease versus recurrent dis-
ease or from the combination of ifosfamide and
etoposide versus the higher doses of ifosfamide
has been a topic of debate. ISG/SSG-II showed
that high-dose chemotherapy with stem cell
rescue did not improve survival, despite caus-
ing significantly higher toxicities (Boye et al.
2014). Thus, despite this regimen being feasi-
ble, it showed no benefit in survival.

As with Ewing’s sarcoma, there is a deep need
for an improved understanding of the mecha-
nisms of metastasis, including the mechanisms
which render metastatic disease relatively resis-
tant to therapy. Significant advances in the treat-
ment of metastatic osteosarcoma are likely to
come only with novel therapies born of an
increased understanding of the biology of meta-
static osteosarcoma.

Conclusions

The utilization of chemotherapy in the treat-
ment of malignant bone tumors has pro-
foundly improved the prognosis of patients
affected with Ewing’s sarcoma and osteosar-
coma. Prior to chemotherapy, only one in
every ten patients affected with these tumors
would survive their disease. Now, seven in ten
patients or more will live beyond their disease.
The formation of cooperative groups has facil-
itated the study of therapeutic regimens, dra-
matically increasing the number of participants
in clinical trials and shortening the time period
over which iterative advancements can be
made.

While survival for patients with malignant
bone tumors improved dramatically with the
advent of chemotherapy, subsequent gains
have proved much more difficult to achieve.
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Multiple efforts to intensify chemotherapy
regimens for patients with newer or more
potent cytotoxic agents, increased doses of
established medications, and augmentation of
therapy with alternative strategies have proved
to be of modest benefit in the best cases. More
frequently, they have only added toxicity.
These results suggest that current regimens
likely maximize the benefits that are possible
using cytotoxic agents. Further gains will
likely only be realized with the development
of novel therapies that exploit a more intimate
understanding of the biologic pathways that
drive these diseases.

There is a particular need for therapies that
can affect better outcomes in patients with
metastatic disease. Increased research into the
mechanisms that drive metastasis and resis-
tance (which may go hand in hand biologi-
cally, not just clinically) will be paramount in
the search for drugs and targets that more
effectively treat metastatic and recurrent dis-
ease. Some have proposed that we should
rethink our approach to evaluating therapeutic
agents in the preclinical setting in order to
identify drugs which might interfere in the
metastatic process or in the microenvironmen-
tal interactions that seem to endow tumor cells
with resistance to chemotherapy (Khanna
et al. 2014). However, as advancements are
pursued, there is clearly room to improve sys-
temic therapies for patients with malignant
tumors of the bone.
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Abstract

In 1921 when James Ewing first described the
case of a “round cell sarcoma” discovered in
the radius of a 14-year-old girl, he was sur-
prised to see the rapid resolution of tumor fol-
lowing application of radium (Ewing 1921).
“The prompt recession under radium was also
quite unlike our experience with osteogenic
sarcoma. With the recession of the tumor the
shaft was well restored and normal function
regained. The patient left the hospital with
instructions to return weekly for observation,
which was continued for several months.”
Since that time, radiation therapy has played
an integral role in the management of Ewing
sarcoma. A report on 50 children treated at
Massachusetts General Hospital between
1930 and 1952 documented sustained 5-year
local control in 15 of 22 patients who received
wide-field irradiation (Wang and Schulz
1953). Cure was achieved in four of these indi-
viduals. This was in contrast to those who
underwent primary surgical resection, where
only 1 of 10 patients was alive 5 years later.
The authors emphasized the radiosensitive
nature of the tumor, favoring radiotherapy
over a potentially mutilating surgery. Indeed
in an era where limitations in surgical tech-
nique permitted only radical resection or
amputation, radiation alone comprised the
standard of care for localized disease (Shankar
et al. 1999; Donaldson 1980; Bacci et al. 1989;
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Evans et al. 1991; Jenkin 1991; Kinsella et al.
1991). However, in light of considerable
advances in orthopedic surgery and effective
multi-agent chemotherapy over the past sev-
eral decades, the precise role of radiotherapy
in a multidisciplinary setting continues to
evolve, and the optimal approach to ensuring
local control remains controversial (Shankar
et al. 1999; Burgert et al. 1990; Pisters et al.
2007; Grier et al. 2003; McGovern and
Mahajan 2012; Dunst et al. 1995).

7.1 Ewing Sarcoma

7.1.1 Introduction

In 1921 when James Ewing first described the
case of a “round cell sarcoma” discovered in the
radius of a 14-year-old girl, he was surprised to
see the rapid resolution of tumor following appli-
cation of radium (Ewing 1921). “The prompt
recession under radium was also quite unlike our
experience with osteogenic sarcoma. With the
recession of the tumor the shaft was well restored
and normal function regained. The patient left the
hospital with instructions to return weekly for
observation, which was continued for several
months.” Since that time, radiation therapy has
played an integral role in the management of
Ewing sarcoma. A report on 50 children treated
at Massachusetts General Hospital between 1930
and 1952 documented sustained 5-year local con-
trol in 15 of 22 patients who received wide-field
irradiation (Wang and Schulz 1953). Cure was
achieved in four of these individuals. This was in
contrast to those who underwent primary surgical
resection, where only 1 of 10 patients was alive
5 years later. The authors emphasized the radio-
sensitive nature of the tumor, favoring radiother-
apy over a potentially mutilating surgery. Indeed
in an era where limitations in surgical technique
permitted only radical resection or amputation,
radiation alone comprised the standard of care
for localized disease (Shankar et al. 1999;
Donaldson 1980; Bacci et al. 1989; Evans et al.
1991; Jenkin 1991; Kinsella et al. 1991).
However, in light of considerable advances in
orthopedic surgery and effective multi-agent

chemotherapy over the past several decades, the
precise role of radiotherapy in a multidisciplinary
setting continues to evolve, and the optimal
approach to ensuring local control remains con-
troversial (Shankar et al. 1999; Burgert et al.
1990; Pisters et al. 2007; Grier et al. 2003;
McGovern and Mahajan 2012; Dunst et al. 1995).
There have been multiple factors leading to a
relative increase in the use of surgery as a local
therapy (Shankar et al. 1999; Pisters et al. 2007,
Halperin 2005). Perhaps most importantly, the
introduction of limb-salvage procedures and
advancements in various reconstruction tech-
niques have resulted in excellent local control
with preservation of mobility and function
(Leitman and Michael 2010) (see Chap. 9).
Furthermore, the routine use of cytotoxic chemo-
therapy often produces a significant decrease in
extraosseous disease extent, rendering tumors
more resectable (Halperin 2005). While Ewing
sarcoma is widely recognized as a radiosensitive
tumor, the local failure rate when treating with
radiation alone remains 10-25 % (Dunst and
Schuck 2004). This potential for disease recur-
rence compounded by concern for long-term
sequelae, particularly secondary malignancy, has
promoted surgery as the primary form of local
therapy in a majority of multi-institutional clini-
cal trials (Burgert et al. 1990; Dunst et al. 1995;
Oberlin et al. 2001; Schuck et al. 2003; Paulussen
et al. 2001; Donaldson et al. 1998).
Comparisons between surgery and radiation
in all published analyses are thus retrospective in
nature, largely related to local culture and prac-
tices and thus difficult to interpret. The majority
of randomized clinical trials have focused on
modifications in chemotherapy regimens (Grier
et al. 2003; Perez et al. 1981). The most widely
employed local management strategy has been
risk-adapted, and frequently dependent upon spe-
cific characteristics of each patient’s disease
(Donaldson 2004). Review of these studies sug-
gests that patients for whom definitive radiation
was recommended more commonly presented
with lesions at inaccessible sites (i.e., proximal/
pelvic lesions), greater overall tumor volume, or
with a suboptimal response to systemic therapy.
Patients with marginal or intralesional resection,
or those with a poor pathologic response to
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induction chemotherapy, comprised a “high risk”
group that received post-operative radiotherapy.
A number of reports have recognized such clini-
cal characteristics as negative prognostic indica-
tors (Donaldson et al. 1998; Schuck et al. 2002).

Multivariate analysis from the FEuropean
Cooperative Ewing’s Sarcoma Study (CESS) 86
found both tumor size >200 mL and poor histologic
response to be significantly correlated with inferior
outcomes (Dunst et al. 1995). Patients considered to
be poor responders had the highest rates of meta-
static relapse (52 %) and overall failures (62 %).
Although the risk of isolated local failure was higher
in patients receiving radiation alone versus those
who underwent resection (7 % vs. 0 %), it was rein-
forced that this difference likely represented an
underlying selection bias. Even then the overall fre-
quency of relapse was not influenced by the type of
local treatment, with rates of 30 % following defini-
tive radiotherapy, 26 % after radical surgery, and
34 % with combined local therapies.

In a multi-institutional cooperative group
study led by the Pediatric Oncology Group
(POG), initial tumor site was determined to be
strongly correlated with event-free survival (EFS)
(Donaldson et al. 1998). Patients with distal
extremity and central disease fared relatively
well with a 5-year EFS of 65 % and 63 %, respec-
tively, whereas patients with pelvic and sacral
primary tumors did poorly with a 5-year EFS of
only 24 %. Those with proximal extremity dis-
ease had an intermediate EFS of 46 %. When the
form of local therapy utilized was further exam-
ined, pelvic primaries comprised 20 % of the
radiotherapy group and only 8 % of the surgery
group (p=0.03). This distribution was in com-
parison to either central or distal disease, which
comprised 40 % of the radiotherapy group versus
76 % of the surgery group.

The most reliable means of truly determining
the efficacy of surgery compared to radiation is in
the context of a randomized trial (Donaldson
et al. 1998). However such a study is unlikely to
be feasible in the management of Ewing sarcoma.
In each patient there exists the potential need for
all three therapies to ensure optimal outcome.
Local therapy is individualized and influenced by
several factors including patient age, potential
morbidity, tumor site and size, response to che-

Table 7.1 Local control — Ewing sarcoma

S-year
Dose  overall LC with
Group Era n (Gy) LC (%) RT alone
TIESS-I 1973— 331 45-65 85
1978
TIESS-II 1978- 214 50-55 90
1982
SJCRH 1978- 43 30-60 68 58
1988
CESS-81 1981- 32  46-60 74 53
1986
U of Fl 1982—- 39 50-60 85
1987
POG 1983— 104 55.8 65
8346 1988
CESS-81 1986- 44 60 93 86
1991
MSKCC 1990- 60 36-60 77° 7?
2004

Abbreviations: IESS Intergroup Ewing Sarcoma Study,
SJCRH St. Jude Children’s Research Hospital, CESS
Cooperative Ewing Sarcoma Study, U of FI University of
Florida, POG Pediatric Oncology Group, MSKCC
Memorial Sloan Kettering Cancer Center, n number of
patients, Gy gray, LC local control, RT radiation therapy
“Reported as 3-year local control

motherapy, and institutional policy (Schuck et al.
2002). Regardless of selection biases, multidisci-
plinary therapy has led to the continued improve-
ment in both local control and survival of children
and adolescents diagnosed with Ewing sarcoma
(Table 7.1). In this respect, surgery and radiation
serve to complement one another as local thera-
pies. The ultimate goal remains to maximize
therapeutic outcomes while still preserving func-
tion, decreasing morbidity, and minimizing late
effects of treatment when possible.

7.1.2 Indications for Radiotherapy

In a combined retrospective analysis of local ther-
apy in the CESS 81 and 86 as well as the European
Intergroup Ewing’s Sarcoma Study 92 (EICESS
92), Schuck et al. examined indications for radia-
tion in 1,058 patients with non-metastatic Ewing
tumor (Schuck et al. 2003). As in other studies,
definitive radiotherapy was the preferred modality
when surgery would only allow for intralesional
resection or a debulking procedure. The primary
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criteria for post-operative radiation were resection
status and poor pathologic tumor response. Not
surprisingly, it was found that the addition of radia-
tion improved local control in those with intrale-
sional or marginal resections regardless of
histologic response. However, patients deemed
poor pathologic responders after wide resection
experienced superior outcomes when treated with
post-operative radiotherapy (local relapse of 5 %
vs. 12 %), though the comparison is limited due to
small patient numbers. Local control and EFS were
equivalent in patients receiving radiation alone as
compared with intralesional resection and adjuvant
radiation, further solidifying the use of definitive
radiation in poor surgical candidates. The EICESS
92 trial also permitted pre-operative radiotherapy
in patients with <50 % reduction in the soft tissue
tumor component. While there was no apparent
improvement in EFS, the local relapse rate was
only 5.3 % in this population, arguing for the use of
neoadjuvant radiotherapy if function-preserving
surgery with narrow margins is anticipated.

Current treatment guidelines call for post-
operative radiation in the setting of residual gross
or microscopic disease, and where there has been
a suboptimal response to induction chemother-
apy. This level of response has classically been
defined as >10 % viable tumor cells in the surgi-
cal specimen. Based on the findings above some
argue for the use of adjuvant radiotherapy, albeit
to a lower total dose, in cases of gross total resec-
tion with adequate margins but a poor pathologic
response (Donaldson 2004). This philosophy
selects for a single “low risk” subgroup of
patients who are precluded from radiotherapy
due to both a satisfactory histologic response to
chemotherapy and an appropriate margin status
(>1 cm). Although variation in institutional prac-
tices exists, radiation is generally excluded when
a wide resection has been achieved regardless of
histologic response.

The appropriate timing for radiation delivery is
not well defined, with prior studies initiating treat-
ment anywhere from 9 to 18 weeks post-induction
chemotherapy (Dunst et al. 1995; Schuck et al.
2003; Donaldson et al. 1998). Due to a number of
confounding factors, it is difficult to determine how
a potential delay in radiation may have affected
long-term outcomes. Nonetheless it appears that a

prolonged time to local therapy overall may lead to
inferior outcomes due to possible interval develop-
ment of drug resistance (Donaldson 2004).
Regarding post-operative radiotherapy, European
investigators found patients treated within a 60-day
period following surgery experienced local control
rates of 98 % versus 92 % for patients treated at
later time points (Schuck et al. 2002). This differ-
ence was not statistically significant, nor did it
influence survival. Current Children’s Oncology
Group (COG) protocols generally require the
incorporation of definitive radiotherapy when indi-
cated at 12-13 weeks into systemic therapy, and
8 weeks post-surgical resection.

7.1.3 Volumes

For decades, radiation volumes for Ewing sar-
coma encompassed the entire bone. This
approach was prompted by several early reports
implicating the propensity of Ewing tumors to
spread along the medullary cavity of the bone
(Phillips and Sheline 1969). A subsequent publi-
cation by Suit emphasized the rarity of local dis-
ease recurrence outside of the involved primary
site (Suit 1964). This observation led to gradual
reductions in field size with resultant equivalent
local control. In the St. Jude Children’s Research
Hospital experience, 94.7 % (18/19) of recur-
rences were confined to the irradiated bone (Arai
et al. 1991). The radiation target volume was
defined as the pre-chemotherapy osseous tumor
in addition to the post-induction residual soft tis-
sue extent with a 3 cm margin. The authors con-
cluded that the lack of marginal failures indicated
a reduction of irradiation volume was possible
without incurring significant risk.

Similarly, the POG 8346 trial sought to deter-
mine if a more tailored radiation field was equiv-
alent to standard whole bone radiation (Donaldson
et al. 1998). Patients undergoing radiotherapy
were prospectively randomized to either receive
standard field treatment (SFRT), consisting of
39.6 Gy to the whole bone with a 16.2 Gy boost
to the initial tumor plus a 2 cm margin, or
involved field radiation (IFRT) to the initial
tumor and a 2 cm margin with 55.8 Gy.
Unfortunately the randomization portion of the
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study was discontinued prematurely due to poor
accrual. However of the 40 patients randomized,
there was no observed difference in 5-year EFS
with SFRT versus IFRT (37 % vs. 39 % EES).
The remainder of the 94 patients received
IFRT. The majority of local failures were central,
within the radiotherapy port (62 %).

The precise definition of target volumes in
radiation is crucial to successful execution. There
are three main volumes in radiation planning. The
gross tumor volume (GTV) consists of visible
tumor present on physical exam and/or imaging.
The second volume, the clinical target volume
(CTV), contains the GTV plus a margin to include
potential localized subclinical disease spread. The
final treatment volume is known as the planning
target volume (PTV). This is an expansion from
the CTV to allow for uncertainties inherent in the
technology, such as day-to-day minor variations
in setup and patient movement.

Current radiotherapy contouring guidelines
for Ewing sarcoma define GTV1 as the pre-
treatment osseous and soft tissue disease
(Donaldson 2004). In tumors that exhibit an infil-
trative component into a body cavity (e.g., tho-
rax, abdomen), the GTV1 may be modified to
exclude the portion extending into the cavity if
there has been a response to chemotherapy such
that normal tissues have returned to their baseline
position. A 1.5 cm margin is added to GTV1 to
create CTV1. The expansion from CTVI1 to
PTVI1 is institution specific, but typically is
within the range of 0.5-1 cm.

For unresected tumors, GTV2 is the boost vol-
ume, and is defined as the pre-treatment boney
abnormalities and residual soft tissue disease fol-
lowing induction chemotherapy. For inadequately
resected tumors, GTV2 is the area of gross or
microscopic residual disease, or the site of a close
margin. A 1 cm margin is added to create the
CTV2. Again, a 0.5-1 cm margin is added to the
CTV2 to form the PTV2.

7.1.4 Dose and Fractionation
Given the high rate of in-field failure, studies

have explored the utility of dose escalation. To
date, the data is conflicting. The first Intergroup

Ewing Sarcoma Study (IESS-I) did not demon-
strate a dose response between 30 and 60 Gy
(Razek et al. 1980). Local control was achieved
in 6/6 (100 %) patients treated with 30-39.9 Gy,
37/43 (86 %) with 40-49.9 Gy, 80/91 (88 %)
with 50-59.9 Gy, and 50/53 (94 %) with >60 Gy.
Likewise, a retrospective review in an era of more
modern radiation technique using 3D conformal
and IMRT planning (see section on “Technique”)
at Memorial Sloan Kettering Cancer Center
(MSKCC) did not show a radiation dose response
(Trang et al. 2006). Patients who received doses
<55 Gy and >55 Gy experienced 3-year LC of
78 % and 73 %, respectively (p=0.518).

Investigators at St. Jude Children’s Research
Hospital found that lower doses of 30-36 Gy to
tumors <8 cm in greatest dimension with an
objective response to induction chemotherapy
provided 5-year local control rate of 90 %
(n=9/10) (Arai et al. 1991). This rate was in
comparison to a local control rate of 52 %
(n=11/21) in tumors >8 cm treated with identi-
cal doses. However, an update from the same
institution by Krasin et al. showed higher rates of
local recurrence in children with <8 cm tumors
who received doses <40 Gy (19 % +9 %), with no
local failures occurring with doses >40 Gy
(Krasin et al. 2004). This difference approached
statistical significance (p=0.084). A recent paper
published by Paulino et al. showed similar results.
For tumors <8 cm, the 5-year local control rate
was 50 % when treated with <49 Gy, versus
94.1 % when treated with doses >49 Gy. In
tumors >8 cm, a radiation dose <54 Gy resulted
in a 5-year local control rate of only 26.7 % com-
pared to 85.7 % when treated with doses >54 Gy
(Paulino et al. 2007a).

The recommended dose in definitive manage-
ment of localized Ewing tumors is 55-60 Gy frac-
tionated into 1.5-1.8 Gy doses. Such irradiation is
typically delivered as 45 Gy to GTV1 with a 10.8 Gy
boost to a reduced volume (GTV?2) (Table 7.2). As
suggested by Donaldson, a boost to a total dose of
60 Gy may be in order when there is <50 % soft tis-
sue regression following induction chemotherapy
(Donaldson 2004). In the adjuvant setting, gross
residual disease or tumors with poor pathologic
response should be treated to 55.8 Gy. Microscopic
disease should receive a total dose of 50.4 Gy. Some
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Table 7.2 Radiation recommendations

Total
Margin Dose  dose
Setting Volume (CTV+PTV) (Gy) (Gy)
Definitive GTV1 2-2.5cm 45 55.8
GTV2 1.5-2 cm 10.8
Gross GTV1 2-2.5 cm 45 55.8
residual GTV2 1.5-2 cm 10.8
disease
Microscopic GTV1 2-2.5cm 45 50.4
disease GTV2 1.5-2 cm 54
>10 % 55.8 55.8
viable tumor
cells

Abbreviations: GTV gross tumor volume, CTV clinical tar-
get volume, PTV planning tumor volume, Gy gray

institutions will also deliver 45 Gy to widely resected
tumors with a poor response to chemotherapy
(Donaldson 2004). It is important to note that sub-
stantial dose limitations exist depending upon the
primary tumor site and adjacent critical strictures.
For example, vertebral body tumors are traditionally
treated to a maximal dose of 45 Gy with conven-
tional fractionation due to the proximity of the spinal
cord. Alternatively, the pre-chemotherapy osseous
tumor and soft tissue disease plus a 2 cm margin can
be treated to 45 Gy, and a boost dose to a total of
50.4 Gy can be given to the pre-chemotherapy osse-
ous tumor and post-chemotherapy soft tissue extent
with a 2 cm margin.

When the heart is located within the treatment
field for thoracic and chest wall lesions, the
Children’s Oncology Group (COG) recommends
that no more than 50 % of the heart be included,
and that the maximum dose is <30.6 Gy.
Similarly, 50 % of the liver should not receive
>30 Gy. These normal tissue tolerance guidelines
may require further modification in the presence
of more intensive chemotherapeutic regimens.

The study of radiation dose is certainly crucial
as late effects of radiotherapy have been docu-
mented with higher doses (Jentzsch et al. 1981;
Paulino 2004; Kuttesch et al. 1996). One poten-
tial means of achieving a higher effective dose
without the associated late morbidity is with an
altered fractionation scheme. Hyperfractionation
is the delivery of a total dose of radiation in a
greater number of treatments (i.e., fractions),
with a smaller dose per treatment. Accelerated
fractionation refers to total dose delivery over a

shorter time course, and serves to compensate for
tumor repopulation that may occur when reduc-
ing the dose per fraction. Whereas conventional
radiotherapy is typically given once daily, hyper-
fractionated regimens are generally delivered
twice daily with an interval of at least 6 h between
each treatment to reduce acute toxicity.

Many rapidly growing tumors remain sensitive
to radiation even at lower fraction doses.
Conversely, normal tissues that demonstrate a
delayed response to radiation damage, also known
as late-responding tissues (e.g., lung, kidney, spi-
nal cord), are less sensitive to these smaller doses
per fraction. Therefore accelerated hyperfraction-
ation in certain malignancies can enhance the ther-
apeutic ratio by reducing potential late effects
while still allowing for optimal tumor control.

Historically, numerous Ewing’s sarcoma
patients have been treated with accelerated
hyperfractionation (Marcus et al. 1991; Bolek
et al. 1996; Elomaa et al. 2000). Indelicato et al.
proposed three theoretical advantages to this reg-
imen (Indelicato et al. 2008). Firstly, the short-
ened treatment course allows for minimization of
repopulation in a rapidly growing tumor.
Secondly, Ewing sarcoma is a class of tumors
(small round blue cell) that demonstrates high
radiosensitivity; therefore, good cell kill is
observed even with a smaller fraction size.
Accelerated hyperfractionation schedules permit
an increase in total dose in a given period of time
and theoretically improve chances of local con-
trol. Finally it is well known that hyperfraction-
ation can decrease late effects to nearby normal
tissue. This final advantage serves as an undeni-
able benefit in the pediatric population.

Following the above premises, Italian SE-91
investigators are examining accelerated hyperfrac-
tionation as part of multimodal therapy in Ewing
tumors, with the goal of improving overall and
event-free survival (Rosito et al. 1999). The prelimi-
nary 3-year local control rate of 93-94 % with either
definitive or adjuvant radiation is promising.
However the data regarding utilization of conven-
tional fractionation in comparison to a hyperfrac-
tionated regimen is mixed. In CESS 86, all patients
treated with definitive or post-operative radiotherapy
were randomized to either receive conventionally
fractionated radiation alone or a hyperfractionated
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split course concurrent with systemic therapy (Dunst
et al. 1995). The latter consisted of 1.6 Gy given
twice daily with an interfraction interval of at least
6 h in two series of 22.4 Gy each when in an adju-
vant setting. Definitive treatment involved two series
of 22.4 Gy and a 16 Gy boost series. According to
the authors, the primary objective of hyperfraction-
ation was to administer radiation without an inter-
ruption in chemotherapy. Ultimately the type of
fractionation (conventional vs. hyperfractionation)
had no impact on local control (82 % vs. 86 %),
relapse-free survival (53 % vs. 58 %), or overall sur-
vival (63 % vs. 65 %) in definitively treated patients.
The same held true for post-operative cases. There
was also no difference in the frequency of radiation-
related complications amongst the two groups.

The University of Florida experience (Bolek
et al. 1996; Indelicato et al. 2008) differed some-
what from these findings, as twice daily fraction-
ation resulted in less range of motion loss,
fibrosis, and limb length discrepancy. There was
an increase in the likelihood of pathologic
fracture in children treated with conventional
fractionation as well, although this variation
could be attributed to the comparatively larger
field sizes and difference in radiation energies.
Still, there was no statistically significant differ-
ence in 5-year local control rates between the two
treatment groups. With these findings in mind,
perhaps the most compelling reason for the use of
hyperfractionation is the potential reduction in
radiation-induced late sequelae.

7.1.5 Techniques:3DCRT, IMRT,
Proton/lon

Radiation technique has made remarkable
advancements over the years by incorporating
improvements in imaging and computing power.
The emergence of computed tomography (CT)
and magnetic resonance imaging (MRI) has been
particularly transformative, as all modern thera-
peutic radiation requires accurate delineation of
not only the intended target volumes, but also the
normal structures that must be avoided (McGovern
and Mahajan 2012). External beam radiation
(EBRT) refers to the delivery of radiation to a
patient at a distance from an external source.

Forms of EBRT vary through the application of
diverse computer technologies. Traditionally,
three-dimensional conformal radiotherapy
(BDCRT) has been used in the treatment of
Ewing’s sarcoma. This method incorporates com-
puter assisted planning, allowing for field design
and beam placement for an individual target based
on diagnostic imaging. Normal tissue can addi-
tionally be strategically blocked using multi-leaf
collimation (MLC) built into linear accelerators.
Conversely, IMRT employs computer based
inverse planning algorithms where MLCs are used
to generate intensity maps within a given radiation
field by integrating parameters set by the planner
to meet the objectives of a given treatment plan.

Due to its high level of precision and confor-
mity, IMRT is a technique that is widely applied
in the adult population. Theoretically, IMRT
would be especially advantageous in pediatric
patients where the concomitant sparing of neigh-
boring organs at risk is just as imperative as
ensuring adequate dose to the tumor itself. Yet
the history of IMRT use in children is markedly
different than that of adults for a number of rea-
sons. Among these are increased fraction time,
necessity for exact immobilization, and fear for
secondary malignancy induction due to low dose
spillage in surrounding tissues (Hall and Wuu
2003; Hall 2006; Schneider et al. 2006). In a sin-
gle institution review of IMRT use in select pedi-
atric cases, Sterzing et al. concluded the benefits
of optimal disease control outweighed the risk of
possibly increased rates of secondary malignan-
cies (Sterzing et al. 2009). This finding was par-
ticularly true in cases of re-irradiation, where
treatment with 3DCRT would have undoubtedly
led to unacceptable morbidity. Authors from
MSKCC argue the actual probability of second-
ary malignancy with IMRT is unlikely, given the
literature has shown radiation-induced tumors to
be dose dependent (Trang et al. 2006). In a study
comparing the two techniques, Mansur et al.
actually found that overall peripheral dose was
similar between 3DCRT and IMRT plans for five
pediatric patients with malignancies of the brain
and skull base (Mansur et al. 2007).

Reports on IMRT planning in Ewing’s sarco-
mas are rare. However the implementation of this
technique may prove useful in treatment of pelvic
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tumors, where the close proximity of disease to
the bowel, bladder, or rectum presents apprecia-
ble challenges to eradication with either radiation
or surgery. This was the basis of an eight patient
analysis completed by Mounessi and colleagues
(Mounessi et al. 2013). All patients were diag-
nosed with a pelvic Ewing’s sarcoma, and under-
went planning with both 3DCRT and IMRT
techniques. Results demonstrated IMRT to be
superior in terms of conformity, resulting in a
decrease of normal tissue exposure to high dose
levels. There was a trade-off to this normal tissue
sparing, however, as the dose homogeneity was
lower with IMRT due to prioritizing of PTV cov-
erage and organ sparing. There were also statisti-
cally significant higher volumes of normal tissue
receiving low doses (2 Gy) of radiation in IMRT
plans compared to 3DCRT. The authors
concluded the enhanced therapeutic ratio pro-
vided by IMRT outweighed the potential risk of
secondary malignancy. A recent publication from
MSKCC also examined the utility of IMRT dose
painting in a small group of Ewing sarcoma
patients with pulmonary metastasis. There were
no local failures, and an overall decreased mean
dose to the esophagus, heart, spinal cord, and
liver when compared to conventional methods
(Yang et al. 2013). Although the data surround-
ing IMRT use in Ewing tumors is currently lim-
ited, there clearly appears to be an emerging role
for this technique in the management of pediatric
malignancies.

Charged particle therapy (proton and carbon
ion) has been gaining popularity in the past sev-
eral years, and has specifically piqued the interest
of clinicians practicing in the field of pediatric
oncology. This is due to the ability of particle
therapy to deposit maximum dose at a defined
depth with a sharp fall-off — a phenomenon
known as the Bragg peak. Consequently, the dose
exiting the body is essentially eliminated.
Furthermore, there is a decreased dose entering
the body as compared with photons. The end
result is a highly conformal coverage of the
radiotherapy target, but decreased dose to all
other structures (Halperin 2005). The potential
benefits of these radiotherapy modalities are
obvious in the pediatric population, where con-
cerns for normal tissue exposure and late sequelae

are high. Currently charged particle therapy is
most commonly applied in treatment of spinal
sarcomas, malignancies of the head and neck, or
CNS disease (Delaney et al. 2009). Clinical out-
come studies thus far have confirmed a reduction
in radiation-related toxicities without sacrificing
tumor control, but more long-term follow-up is
needed in order to validate the alleged benefits of
particle therapy (McGovern and Mahajan 2012).

7.1.6 Site-Specific Considerations

Certain precautions should be taken when treat-
ing Ewing tumors at specific sites in order to
ensure safe and effective treatment that also
attenuates the potential for toxicity. For example,
avoiding circumferential irradiation in extremity
lesions is necessary to reduce the likelihood of
fibrosis and edema. Furthermore, the probability
of limb length discrepancies and growth aberra-
tions can be reduced with exclusion of at least
one epiphyseal plate when possible. Distal
extremity tumors located at the feet or hands may
require the use of tissue compensation, such as
water or rice baths, to ensure homogeneous cov-
erage of the radiotherapy target. Another option
to achieving dose homogeneity in distal extrem-
ity tumors is application of a single-photon beam
incident on the contralateral surface of the hand
or foot combined with an ipsilateral electron field
(Halperin 2005).

Rib lesions, also known as Askin tumors, pose
unique challenges, given their large size and fre-
quent extension to the pleural surfaces. As men-
tioned previously, the radiation volume and dose
may be limited by nearby organs such as the heart
or liver. In patients with cytologically positive
effusions, inclusion of the pleural cavity in the
treatment volume is recommended due to the
high likelihood of local relapse. In general, when
the vertebral bodies are included in the treatment
field, the entire width should be encompassed so
as to prevent radiation-induced scoliosis.

Finally, immobilization techniques including
vacuum bags or thermoplastic masks are crucial to
daily reproducibility during treatment. The actual
delivery of conformal radiation can be further aug-
mented with the use of image guided radiotherapy,
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which corrects for interfraction setup variations
through employment of in-room or on-board imag-
ing techniques such as cone-beam CT.

7.1.7 Quality

Given routine use of 3DCRT and IMRT for Ewing
sarcoma, accurate target delineation becomes
exceedingly important. Such precision has been
greatly facilitated by the integration of CT and
MRI into treatment planning, so much so that cur-
rent COG guidelines require at least one of these
modalities be completed for all Ewing sarcoma
patients at the time of diagnosis (Meyer et al.
2008). In terms of radiotherapy, the additional
impact of central quality review cannot be over-
looked. For example, in the CESS 81 trial poor
outcomes in patients treated with either definitive
or post-operative radiotherapy (local failure rates
of 47 % and 20 %, respectively) were partly attrib-
uted to poor quality control; 90 % of patients with
protocol deviations experienced local relapse
(Dunst et al. 1991). This finding prompted inves-
tigators involved in CESS 86 to implement a cen-
tral radiation review (Dunst et al. 1995). With
improved radiotherapy quality control, there was
considerable improvement in local control (local
failure rates of 14 % and 5 % in definitive and
post-operative cases, respectively). The improve-
ment was particularly evident with pelvic lesions
and large tumors (>100 mL), with the likelihood
of local relapse on CESS 81 of 40 % and 36 %,
respectively, versus 10 % and 7 % on CESS 86.

Overwhelming disparities in local control
rates were also found in the POG 8346 trial based
on deviations in target volumes or dose distribu-
tion (Donaldson et al. 1998). Patients with no
protocol deviations had a local control rate of
80 %, whereas those with either minor or major
deviations had local control rates of 48 % and
16 %, respectively.

7.1.8 Metastatic Disease

The tendency for Ewing sarcoma to metastasize
early, often exclusively to the lungs, stimulated
interest in the use of prophylactic pulmonary

radiotherapy. A complicating factor with lung
irradiation is that pulmonary parenchymal toler-
ance can be exceeded before reaching tumori-
cidal doses (Whelan et al. 2002). Therefore
administering radiation at a time point when only
subclinical disease is present would require lower
doses (and subsequently cause less toxicity) to
achieve the same level of pulmonary control.
This thinking was the premise behind the incor-
poration of prophylactic bilateral whole lung
irradiation (WLI) in IESS-I (Nesbit et al. 1981).
Patients with localized disease were randomized
to one of three adjuvant treatment arms: standard
vincristine,actinomycinD,andcyclophosphamide
(VAC) chemotherapy, VAC plus adriamycin
(VACA), or VAC plus prophylactic WLI. Long-
term follow-up demonstrated an increased
frequency of pulmonary metastasis after prophy-
lactic WLI (20 %) as compared to VACA (15 %,
p=0.35) (Nesbit et al. 1990). There was also a
statistically significant 5-year relapse-free sur-
vival advantage with VACA (60 %) over VAC
plus WLI (44 %, p<0.05) and VAC alone (24 %,
p<0.001). A similar improvement in 5-year OS
was demonstrated with VACA versus VAC plus
WLI (65 % vs. 44 %, p=0.001), suggesting that
the addition of adriamycin was superior to adju-
vant prophylactic WLI.

Despite its lack of utility in the prophylactic
setting, WLI has found a role in treatment of
patients who present with overt pulmonary
metastasis at the time of diagnosis, as supported
by a retrospective review of 30 patients on the
CESS trials (Dunst et al. 1993). At the time of the
analysis, nine of the ten patients treated with
WLI were in complete remission. A strong dose
response was also observed, with relapsed
patients having received significantly lower doses
(12-16 Gy) than complete responders (18-21 Gy;
p=0.028). The authors concluded bilateral lung
irradiation improved survival in patients with
pulmonary spread.

A survival benefit with WLI to 14-18 Gy in
patients with disseminated Ewing tumors was
also shown on the EICESS trial (Bolling et al.
2008). This improvement held true whether
patients had isolated pulmonary involvement or
combined pulmonary and osseous disease. Of
course, these findings must be interpreted with
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caution as the selection of therapy was in a non-
randomized setting with a small number of
patients. Results from the COG’s recent pro-
spective randomized trial comparing bilateral
WLI to a high-dose chemotherapy regimen using
busulfan and melphalan will help clarify this
issue.

The use of radiotherapy to extra-pulmonary
metastatic sites has not yet been as thoroughly
examined. Paulino et al. reported promising
results in their study of patients with metastatic
disease who received not only local treatment of
their primary tumor, but also radiation to areas of
distant osseous spread (Paulino et al. 2013).
Of the six long-term survivors, all patients had
irradiation to all bony sites of involvement.
Interestingly, on multivariate analysis, only the
use of local therapy to the primary site was found
to be prognostic of both overall and progression-
free survival, thus highlighting the importance of
aggressive treatment to the primary tumor even in
metastatic cases.

Finally, radiation has been widely accepted as
an effective means of palliation, including chil-
dren and adolescents with disseminated Ewing
sarcoma. Investigators from Duke University
demonstrated an overall response rate of 84 % in
patients treated with palliative doses (median
dose of 30 Gy) to osseous, pulmonary, and intra-
cranial disease (Koontz et al. 2006). In a popula-
tion with an estimated median survival of
1-2 years, the ability to provide adequate symp-
tom relief without a protracted treatment course
is undoubtedly a valuable tool.

7.1.9 Side Effects

Pediatric radiation has evolved tremendously
since the time of James Ewing and the discovery
of Ewing sarcoma. However, reports on the rela-
tionship between radiation dose and volume and
the resultant side effects using contemporary
techniques have been lacking. A majority of the
available analyses involve patients treated in the
1970s—1980s using lower energies, higher doses,
and larger fields based on 2D imaging — methods
that would currently be described as obsolete.

Consequently these results should be interpreted
with caution. Nevertheless, it is unlikely that
even with such noteworthy advances in imaging
and technique that long-term toxicities from
radiotherapy can be completely avoided.
Chronic side effects from radiotherapy to
pediatric bone malignancies are variable, and
ultimately depend upon the prescribed dose as
well as location of disease. Following treatment
of the extremity, mild to moderate limb atrophy
and fibrosis are often reported up to 10 years later
based on objective assessment scales (Paulino
2004). In aretrospective study from the University
of Towa, the degree of limb length discrepancy
was more profound at ages <10. Extremity
mobility and function were preserved with no or
minimal detectable impairment in 87 % of
patients (Paulino et al. 2007b). Conversely, toxic-
ity results from the POG 8346 trial demonstrated
only 61 % of those treated with either definitive
or adjuvant radiotherapy were free from any
orthopedic  complications 5 years later
(Donaldson et al. 1998). A number of smaller
series have shown a majority of patients (90 %)
with a median follow-up of 3-5 years experience
either excellent or very good limb function
(Bertucio et al. 2001). The development of frac-
tures post-radiotherapy is also a concern,
although investigators at the University of Florida
found that this risk significantly diminished with
the application of a hyperfractionated regimen
(Indelicato et al. 2008). The probability of scolio-
sis can be significantly reduced by treating the
entire width of the vertebral body, as previously
mentioned. Peripheral neuropathy and vascular
complications are uncommon (Paulino 2004).
The most concerning sequela of radiation is the
development of secondary malignancy. Modern
retrospective reviews have shown the etiology of
secondary neoplasms in Ewing sarcoma is com-
plex, and at least partially explained by the inter-
play of alkylating chemotherapy and irradiation
(Donaldson et al. 1998; Tucker et al. 1987). There
is a wide range of incidences and cumulative risk
estimates reported in the literature. Kuttesh et al.
and coworkers examined 266 Ewing sarcoma sur-
vivors in the USA, and found the risk of develop-
ing a second malignancy to be 3 % after 10 years,
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and 6.5 % after 20 years (Elomaa et al. 2000). The
risk doubled between 15 and 25 years after treat-
ment. The incidence was dose dependent, with no
secondary tumors occurring at doses <48 Gy. An
analysis of secondary neoplasms in patients treated
with definitive or adjuvant radiotherapy in the
CESS trials revealed an increasing risk of 1-3 %
after 10 years and 3—6 % after 15 years. Secondary
malignancies accounted for 1 % (3/328) of deaths,
all of which were caused by acute myeloid leuke-
mia (Dunst et al. 1998). That said, the authors rec-
ognized the follow-up period was relatively short
with regard to the induction of secondary solid
tumors. In the most recent update from the
Childhood Cancer Survivor Study of 2,434 5-year
survivors of pediatric bone and soft tissue tumors,
the 30-year cumulative incidence of subsequent
neoplasm for survivors of osteosarcoma was 6 %
as compared to 10.1 % for Ewing sarcoma
(Friedman et al. 2010). While the true incidence of
radiation-induced secondary tumors is unclear, it
is likely in the range of 4-8 % when moderate-
dose conformal radiotherapy is given (Shankar
et al. 1999; Donaldson et al. 1998).

The systematic implementation of multidisci-
plinary treatment for children and adolescents
with Ewing sarcoma has resulted in dramatic
improvements in outcomes. Whereas at one point
in time the outlook for these patients was dismal
(5-year OS 5-10 %), more recent publications
from various institutions reveal 5-year disease-
free, event-free, and relapse-free survival rates
between 60 and 69 % (Donaldson 2004). Local
control rates are equally encouraging, ranging
from 74 to 93 %. Given this progress, the current
impetus of ongoing pediatric cancer trials is to
reduce treatment-related toxicity without sacri-
ficing a high cure rate. This goal relies on the
continued consideration of individual patient
characteristics, such as patient age, primary
tumor size and location, and potential long-term
morbidity, to ensure that the most appropriate
sequence and combination of therapies is used.
Within the field of radiation oncology, we can
look forward to more conformal and precise
treatment delivery, thereby improving upon the
quality of life post-therapy.

7.2  Osteosarcoma
Osteosarcoma was recognized early in the nine-
teenth century as a relatively uncommon, but par-
ticularly lethal malignancy that primarily affected
adolescents and young adults (Sweetnam 1968).
As with other extremity tumors, the established
treatment at that time involved amputation or dis-
articulation. Despite excellent local control rates,
80 % of patients, even those with seemingly local-
ized disease, rapidly developed pulmonary metas-
tasis and died within the first 2 years of diagnosis
(Cade 1955). Renowned British physician Sir
Stanford Cade appropriately summarized these
results while presenting at a conference on bone
malignancies by stating, “If you do not operate
they die; if you do operate they die just the same.”
The lack of improvement in survival even with
disfiguring and morbid surgery led to the search
for alternative therapies, including radiation. In
his paper on the primary management of osteo-
sarcoma, Cade argued palliation and tumor
shrinkage could be achieved using radiotherapy
alone (Cade 1955). Subsequent disease control
for several months thereby naturally selected a
favorable subgroup of patients who could then
receive amputation with a decreased risk of dis-
tant metastases and prolonged survival. This
approach allowed for a large number of patients
to be spared a mutilating surgical procedure.
Furthermore, the 5-year survival rates of 15-20 %
with radiotherapy were equivalent to those
accomplished by immediate surgical ablation
(Allen and Stevens 1973; Poppe et al. 1968;
Jenkin et al. 1972; Lee and MacKenzie 1964,
Flatman 1976). Such a rational and humane
approach to osteosarcoma treatment, also known
as the Cade technique, prevailed for several years
until the systematic integration of chemotherapy
with limb-salvage surgery was found to produce
incomparable long-term disease-free survival in
60-70 % of osteosarcoma patients (Carrle and
Bielack 2006; Link et al. 1986; Bacci et al. 2002;
Bielack et al. 1996; Fuchs et al. 1998; Meyers
et al. 2005; Smeland et al. 2004). Today the main-
stay of care consists of intensive multi-agent che-
motherapy combined with surgical resection.
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7.2.1 Indications

Radiotherapy plays a relatively minor role in the
contemporary management of osteosarcoma due
in part to the fact that osteosarcoma has tradition-
ally exhibited only modest radiosensitivity
(Mahajan et al. 2008; Anderson 2003; Machak
et al. 2003; DeLaney et al. 2005a). A number of
series report the presence of viable tumor cells in
surgical specimens after doses as high as
60-70 Gy (Sweetnam 1968; Lee and MacKenzie
1964; Machak et al. 2003; de Moor 1975). In con-
trast, a direct relationship between dose and per-
cent tumor necrosis has also been shown
(Gaitan-Yanguas 1981). Researchers proposed
that the efficacy of conventionally fractionated
radiation was limited by both tumor cell repair of
sublethal radiation injury, and decreased sensitiv-
ity due to a comparatively high fraction of
hypoxic tumor cells (Goffinet et al. 1975; van
Putten 1968; Weichselbaum et al. 1977). In an
effort to overcome these barriers, radiation was
combined with various radiosensitizers, such as
5-bromodeoxyuridine (BUdR) (Kinsella and
Glastein 1987; Martinez et al. 1985). This thymi-
dine analog is able to capture radiation-produced
electrons when it is incorporated into DNA, ulti-
mately forming damaging radicals that cause
strand breaks. While durable local control was
reported in seven of nine patients treated with
BUdR and radiation, the tissue toxicity was felt to
be excessive, causing this particular combination
of therapies to fall out of favor.

Review of the literature suggests radiation
may contribute to local control when combined
with surgery and/or chemotherapy in a select
group of patients. In many cases of pelvic, axial
skeleton, base of skull, or head and neck tumors,
satisfactory resection with acceptable margins
can present a challenge (DeLaney et al. 2005a).
Even with disease confined to the extremity, Picci
et al. found an increase in local recurrence fol-
lowing limb salvage surgery with less than wide
surgical margins and a poor response to chemo-
therapy (Picci et al. 1997). In patients with
“good” tumor necrosis, the development of local
relapse occurred at a median of 13 months, in
comparison to 9 months in those with “fair”
necrosis (»=0.001). The Cooperative

Osteosarcoma Study Group (COSS) reported a
5-year overall survival rate of 0 % in subtotally
resected or unresectable pelvic osteosarcomas
(Ozaki et al. 2003). This rate was improved to
29 % with the addition of radiotherapy (p =0.003).
A similar survival trend was noted by the COSS
in an analysis of patients with vertebral lesions
when radiation was incorporated into the treat-
ment algorithm (Ozaki et al. 2002).

The benefit of radiotherapy was further illus-
trated by a study from Massachusetts General
Hospital (MGH) where 41 patients with either
unresectable disease or an inadequate margin sta-
tus (defined as close or positive) were given
definitive radiotherapy to a median dose of 66 Gy
(DeLaney et al. 2005a). Patients with spinal, pel-
vic, trunk, or recurrent extremity lesions received
a combination of pre-operative radiation of 20 Gy
to help prevent tumor auto-transplantation at sur-
gery, followed by completion of the prescribed
course post-operatively. Post-operative radiation
alone was delivered to primary tumors of the
extremity, and lesions of the head and neck or
base of skull. The gross tumor volume (GTV)
encompassed the site of gross tumor involvement
with a 1 cm margin, and clinical tumor volume
(CTV) included the GTV along with any tissues
at risk of microscopic disease, plus a 2 cm mar-
gin. The 5-year local control and overall survival
rates were 68 % +8.3 % and 71.5 % =8 %, respec-
tively. Not surprisingly, the extent of resection
was predictive of outcomes, with superior sur-
vival in patients with gross total resection
(74.45 % £9.1 %) as compared to those with sub-
total resection or biopsy only (74.1 %+16 %,
25 % +21.65 %, respectively).

Similarly, a publication by Machak et al.
reported a local control rate at 5 years of 56 % in
31 extremity osteosarcoma patients who had
refused surgery, and were therefore treated with
radiation to a median dose of 60 Gy after induc-
tion chemotherapy (Machak et al. 2003). Among
the 11 patients with a favorable clinical response
to chemotherapy, no local failures were seen.
Carceres et al. also observed a high response rate
in patients with limb osteosarcomas who received
chemotherapy and 60 Gy of radiation (Carceres
et al. 1984). In 12 of 15 (80 %) treated patients,
post-treatment biopsy was actually negative for
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Table 7.3 Local control —

Dose Overall LC with

osteosarcoma References Era n (Gy) Modality LC (%) RT alone

Ozakietal. 1979-1998 11 30-56 Photon <274

Delaney 1980-2002 41 44-80 Photon/ 68

et al. proton

Ciernak 1983-2009 55 50.4—>70 Proton 85

et al.

Machak 1986-1999 31 40-68 Photon 56 %

et al. (2003)

Kamada 1996-1999 58 52.8-73.6 Carbon 76

et al. (2002)

on

Abbreviations: n patient number, Gy gray, LC local control, RT radiation

therapy

disease. Thus, in situations where wide resection
is not technically feasible, positive or close surgi-
cal margins exist, disease is located at sites of
high risk of local relapse (e.g., spine, pelvis, head
and neck, skull), or the patient prefers a non-
surgical option, the addition of radiotherapy can
serve to improve outcomes.

7.2.2 Future Directions

Despite the historically poor response of osteosar-
comas to external beam radiotherapy, research
efforts within the field of radiation have sought to
develop innovative techniques to not only improve
disease control, but also optimize palliation.
Extracorporeal irradiation, first described in 1968,
is a biological limb reconstruction that involves
en bloc tumor resection, irradiation of the resected
pathological bone, and reimplantation of the irra-
diated bone (Hong et al. 2001; Yamamoto et al.
2002). The use of irradiated bone provides ana-
tomical precision, avoids immunological rejec-
tion, and reduces the risk of post-operative
infection. Additionally, samarium lexidronam is a
bone-seeking radiopharmaceutical that has been
suggested as a novel means of palliation in osteo-
sarcoma (Anderson and Nunez 2007).

Perhaps the largest body of research, however,
has been dedicated to the utilization of charged
particle therapy. The major emphasis for proton
therapy in clinical research has involved dose
escalation for tumors in which local control with
conventional radiotherapy is suboptimal (Delaney
et al. 2005b). Accordingly, recent reports have
demonstrated the efficacy of charged particle

radiotherapy for patients with osteosarcoma
(Ciernik et al. 2011; Matsunobu et al. 2012;
Kamada et al. 2002). As previously mentioned,
the rationale for the use of charged particles
rather than photons is the superior dose distribu-
tion, characterized by a lower dose region in nor-
mal tissue proximal to the tumor, a uniform
high-dose region within the tumor, and very
minimal dose beyond the tumor itself. A study
from MGH demonstrated impressive 3- and
5-year local control rates of 82 % and 72 %,
respectively, in patients with unresectable or par-
tially resected disease who were treated with pro-
ton therapy (Ciernik et al. 2011). The mean dose
was 68.4 Gy, with 50.1 % of the patients receiv-
ing a total dose >70 Gy. Investigators from
Chiba, Japan, have reported encouraging data
using heavy ion-based particle treatment. In 58
osteosarcoma patients treated with carbon ions as
monotherapy, the local control rate was 65 %
after 5 years with an OS rate of 29 % (Kamada
et al. 2002). Overall, results from particle-based
radiotherapies yield high control rates that far
exceed the results obtained from conventional
radiation in osteosarcoma (Table 7.3).

Even with a proton beam, it is difficult to
deliver tumoricidal doses to the dura when it is
involved by spinal or paraspinal disease without
going above spinal cord tolerance (Delaney et al.
2005b). A strategy developed by Delaney et al. uti-
lizes a custom-designed yttrium-90 plaque to
boost the dural surface intraoperatively (Delaney
et al. 2003). The applicator reportedly allows for
100 % of the dose to reach the dura, while only
8 % of dose is present at a depth of 4 mm.
Consequently, 10-15 Gy can be delivered to the
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dura with minimal dose to the cord surface, and
essentially no dose to the center or contralateral
aspect of the cord. With a median follow-up of
2 years, no acute toxicities or treatment-related
neurological sequelae have been reported with
dural plaque brachytherapy.

In summary, the introduction of a multimodal
approach to osteosarcoma consisting primarily of
multi-agent chemotherapy and surgical resection
has dramatically improved the outcome in a dis-
ease that was once felt to be universally lethal.
Whereas conventional radiotherapy has proven to
be valuable in select cases of incompletely
resected or unresectable tumors, the most exciting
advances in radiation oncology involve the incor-
poration of charged particles. Both proton and
carbon ion-based therapies offer the prospect of
an increase in achievable dose to the tumor vol-
ume with concomitant reduction in normal tissue
toxicity. Such advances will hopefully result in
meaningful clinical gains in osteosarcoma treat-
ment in the future.
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Abstract

The optimization of treatment strategies for
patients with bony tumors has proven to be
elusive. Though patients with localized dis-
ease have achieved increased survival rates
with the most recent therapeutic revolutions of
dose escalation and interval compression,
prognosis continues to remain significantly
poor for those patients with metastatic disease.
Stratification of bone tumor patients into risk
categories is one method to target more inten-
sified treatment regimens for patients with his-
torically worse outcomes, while sparing
patients with lower-risk disease from toxici-
ties associated with highly aggressive thera-
pies. Strategies to risk stratify these patients
must involve incorporation of their tumor biol-
ogy, including the presence or absence of sig-
nificant biological markers, and their interval
responses to treatment. The prognostic impli-
cations of biological markers and the histo-
logical response to neoadjuvant chemotherapy
for bone tumors have been extensively stud-
ied. As further designations of risk groups for
patients evolve, it has become apparent that
these are crucial factors to consider.
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8.1 Introduction

Advancements in treatment outcomes of patients
with bone tumors have been scarce in the past
several decades, despite considerable efforts to
intensify therapies for these patients. Though
current 5-year overall survival (OS) for patients
with localized Ewing sarcoma and osteosarcoma
is approximately 70 %, in vast contrast, those
patients presenting with metastases at diagnosis
exhibit 5-year OS rates of approximately 30 %
for both diseases (http://www.cancer.org/cancer/
osteosarcoma/detailedguide/osteosarcoma-
survival-rates). Given these statistics and the cur-
rent employment of multimodal therapies that
include highly aggressive chemotherapeutic regi-
mens, it is evident that new approaches are drasti-
cally necessary. The search for new methodologies
to attack bony tumors poses a challenge. The
most recent clinical improvements were seen in
the 1990s after the implementation of dose esca-
lation and dose interval compression. Theses
advances in therapeutic intensification have
unfortunately also resulted in significant increases
in chemotherapy-induced toxicities for these
patients.

Oncological practitioners strive to further
define risk categories for patients, with an overall
goal to optimize therapeutic approaches and min-
imize treatment-related toxicities. The strategic
objective is to target patients who have high-risk
disease with more intensive treatments, while
sparing those with low-risk disease from thera-
pies which have the potential to induce both acute
and lifelong side effects. The most currently rel-
evant risk stratification approaches include tailor-
ing treatment according to patient responses
while identifying and utilizing diagnostic and
prognostic biomarkers. The ultimate result is, to
an extent, the personalization of therapy for each
individual patient.

Several prognostic indicators have been pro-
posed for many bone tumors, with a select few
exhibiting enough compelling data to warrant
therapeutic changes. Historically relevant mark-
ers have since been determined to be no longer
significant due to the improvement in outcomes
associated with more aggressive and technically
skilled therapeutic approaches. For example, the

presence of a pathological fracture was previ-
ously considered to be an indicator of worse
prognosis and thus was an indication for amputa-
tion. Recent studies suggest that such a finding
has no significant correlation with patient sur-
vival outcomes given the emergence of advanced
limb salvage procedure techniques (Chandrasekar
et al. 2011; Xie et al. 2012; Zuo et al. 2013). The
histological subtype and features of bony tumors,
once believed to have a significant impact on sur-
vival, were studied in two consecutive trials of
the European Osteosarcoma Intergroup and have
proven to play a very small role in the overall out-
come of patients (Hauben et al. 2002). Substantial
literature supports various clinical-pathological
features to be indicators of high-risk disease and
therefore negative prognostic features, such as
primary tumor site (axial versus appendicular
location), increasing tumor size, decreased necro-
sis after neoadjuvant chemotherapy, and
increased patient age. However, none of these
have been found to be as clinically significant as
the presence of metastatic disease (Bacci et al.
2004a, b; Cotterill et al. 2000; Lee et al. 2010;
Lin et al. 2007; Martin and Brennan 2003;
Oberlin et al. 2001; Paulussen et al. 2001a, b;
Rodriguez-Galindo et al. 2008; Sauer et al. 1987).
Thus, ongoing Children’s Oncology Group
(COG) clinical trials for bone tumors risk-stratify
patients only by the presence or absence of
metastases.

Indicators which have been studied and main-
tained as predictive of prognosis in patients with
bone tumors include tumor size at diagnosis, the
presence and extent of metastatic spread, the fea-
sibility of total surgical resection or local control,
the anatomic site of the primary tumor (in the
case of Ewing sarcoma) (Biswas et al. 2014;
Qureshi et al. 2013), and the histological response
of the tumor to neoadjuvant chemotherapy
(Wunder et al. 1998).

8.2  Histological Response

The current value of determining a patient’s
response to initial chemotherapy has proven
useful for prognostication purposes but not for
therapeutic decision-making. Recent COG trials
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for treatment of bone tumors have not identified
success with intensification of treatment based
upon therapeutic response thus far. Evaluation of
the postchemotherapy histological response is
presently being employed as a prognostic indica-
tor for both osteosarcoma and Ewing sarcoma.
Unfortunately, oncologists have been unable to
exploit this insightful feature into the translation
of improved therapies.

Definition
and Characterization
of Histological Response

8.2.1

The extent of chemotherapy-induced tumor
necrosis upon examination of resection speci-
mens defines “histological response.” Historically,
the quantification of a tumor’s response to che-
motherapy was first discovered to be a significant
prognostic factor in osteosarcoma. This finding
was further explored in other bony tumor types
and later accepted as a significant feature in
Ewing sarcoma as well. The prognostic indica-
tors of histological response for both osteosar-
coma and Ewing sarcoma have been repeatedly
demonstrated in several studies conducted by
various national cooperative groups. Other types
of bone tumors have not incorporated histologi-
cal response as a standardized predictive feature,
though individual reports of using the established
grading scales in other tumor types exist (Coffin
et al. 2005).

A means to measure the therapeutic response
through a grading system was first proposed in
1979 for osteosarcoma and has been further
modified and reiterated by several authors since
then (Huvos 1988; Picci et al. 1994; Raymond
et al. 1987; Rosen et al. 1979; Salzer-Kuntschik
et al. 1983; Wold 1998). Extrapolation of the
original grading systems used in osteosarcoma
was later applied to Ewing sarcoma, and further
development of classifications specific for this
disease ensued (Wunder et al. 1998). For both
diseases, “good response” is generally defined as
the presence of greater than 90 % tumor necro-
sis, with an “intermediate response” ranging
from 50-60 to 90 % necrosis and “poor response”

described as less than 50-60 % necrosis, though
various grading schemes currently exist (see
Tables 8.1 and 8.2).

Table 8.1 Histologic response grading systems for
treated osteosarcomas

Response
Reference grade
Huvos (1988), 1
Provisor et al.

Response grade definition

Viable; little to no
chemotherapeutic effect

(1997) I Partially necrotic
I Largely necrotic
v Totally necrotic; no
histologic evidence of
viable tumor within
specimen
Rosen et al. 1 Little to no
(1979) chemotherapeutic effect
II Partial response, <50 %
necrosis, some viable
tumor remaining
111 >90 % tumor necrosis, foci
of viable tumor remaining
v No viable-appearing tumor
cells
Raymond Percentage of necrosis
et al. (1987) estimated
Picci et al. Good >90 % necrosis
(1994) Fair 60-90 % necrosis
Poor <60 % necrosis
Wold I No chemotherapeutic
(1998)** effect

**Used in i
COG clinical A
trials

Some necrosis
50 % viable tumor
remaining
B 5-50 % viable tumor
remaining
111 Scattered foci; <5 % viable
tumor remaining
v No viable tumor remaining
Salzer- 1
Kuntschik
etal. (1983) 11

No viable-appearing tumor
cells

Single viable tumor cells

or | viable cell cluster,

<0.5 cm

I <10 % Viable tumor
remaining

v 10-50 % Viable tumor
remaining

\'% >50 % Viable tumor
remaining

VI No chemotherapeutic

effect

Adapted from Coffin et al. (2005), Lowichik et al. (2000)
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Table 8.2 Histologic response grading systems applied
to treated Ewing sarcomas/PNETs

Response
Reference grade

Huvos (1988) 1

Response grade
definition

Viable; little to no
chemotherapy effect

II Partially necrotic
I Largely necrotic
v Totally necrotic; no

histologic evidence of
viable tumor within

specimen
Salzer- I No viable appearing
Kuntschik tumor cells

et al. (1983) 11 Single vital tumor cells

or 1 vital cell cluster,

<0.5 cm
III Vital tumor, <10 %
v Vital tumor, 10-50 %
A% Vital tumor, >50 %
VI No effect of
chemotherapy

Picci et al. 1
(1993, 1997)

1+ macroscopic nodule
of viable tumor (>one
10x field) or

Scattered microscopic
nodules in summation
(>one 10x field)

1I Isolated microscopic
nodules of viable tumor
cells in summation (<one
10x field)

1T No viable tumor cell
nodules; scattered
individual tumor cells
permitted

Adapted from Coffin et al. (2005), Lowichik et al. (2000)

8.2.2 PrognosticIndications
of Histological Response

in Osteosarcoma

The phenomenon of prognostic histological
response has been observed for osteosarcoma in
pediatric patients as well as the adolescent and
young adult (AYA) population alike. It has been
recognized in several studies that pediatric patients
with osteosarcoma who have a good histological
response have significantly higher survival rates
(5-year overall survival (OS) rate of approximately
76 %, S-year event-free survival (EFS) rate of
approximately 73 %), as compared to patients with

less than 90 % postchemotherapy tumor necrosis,
who have an OS of 48 % and EFS of 44 % (Bacci
et al. 2001, 2002a, 2006b; Ferrari et al. 2001;
Goorin et al. 2003; Halperin 2011). Utilizing cut-
offs for postsurgery necrosis of 95 % or greater in
those 18 years or older, a good response has been
correlated to increased overall survival in the AYA
population (Janeway et al. 2012).

With hopes to use histological response in
order to determine an appropriate subsequent
treatment course for patients with bone tumors,
several clinical trials incorporated the determina-
tion of histological response and consequent
patient risk stratification with therapeutic modu-
lation into their protocols. However, a majority of
the clinical trials failed to show significant
improvement in patient outcomes using this as a
risk stratification method. For instance, in the
three neoadjuvant chemotherapeutic osteosar-
coma studies performed at the MD Anderson
Cancer Center, Treatment and Investigation of
Osteosarcoma (TIOS) I-III, the preoperative
chemotherapeutic response was used to plan
postoperative treatment. The postchemotherapy
percentage of tumor necrosis (using cutoff of
90 % or greater) was found to significantly
correlate with relapse and the development of
pulmonary metastases (p=0.01) (Hudson et al.
1990). As another example, one of the principal
objectives of the study CCG-782 was to use his-
tological response of the primary tumor after
neoadjuvant chemotherapy to determine the post-
operative chemotherapy regimen. This study
defined a cutoff of less than 95 % tumor necrosis
as poor responders who demonstrated signifi-
cantly higher risk for an adverse event as com-
pared to good responders (relative risk 0.23,
p<0.0001) (Miser et al. 1993). In the POG 8561
trial, patients who had less than 10 % viable
tumor after induction with chemotherapy were
shown to have significantly improved EFS (73 %)
when compared with patients with poor response.
It was concluded, however, that better response
did not translate into survival benefit (Goorin
et al. 2003). The Cooperative Osteosarcoma
Study Group study COSS-82 explored reduced
intensity of preoperative chemotherapy and the
salvage of poor responders (defined as less than
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90 % tumor necrosis) and concluded that chang-
ing drugs for salvage failed to improve survival
outcomes (Winkler et al. 1993). EURAMOS, a
joint protocol of the world’s leading multi-
institutional osteosarcoma groups (Children’s
Oncology  Group  (COG),  Cooperative
Osteosarcoma Study Group (COSS), European
Osteosarcoma  Intergroup  (EORTC/MRCO),
Scandinavian Sarcoma Group (SSG)), aimed to
optimize the treatment of osteosarcoma patients
through its collaboration. The EURAMOS-1 trial
took into account the strong prognostic value of
tumor response to preoperative chemotherapy
and divided patients accordingly. Postoperative
therapy was determined by the histological
response of the tumor, with poor responders
(defined as less than 90 % necrosis) stratified to
receive intensified chemotherapy, while good
responders were introduced to biological agents.
Details of this study are described in Chap. 6.
More recently, in cases of resectable osteosar-
coma, the COG study AOSTO0331 sought to opti-
mize treatment strategies based upon histological
response to preoperative chemotherapy (www.
clinicaltrials.gov, NCT(00134030). In a recent
meta-analysis of therapeutic regimens for local-
ized high-grade osteosarcoma, it was concluded
that the salvage of poor responders by changing
drugs or intensifying treatment postoperatively
does not prove to be efficacious (Anninga et al.
2011). It has also been shown that response to
preoperative chemotherapy is more important
than primary metastases in predicting survival for
patients with osteosarcoma of the extremities
(Bielack et al. 2002). Recent results of COG
AOSTO0331/EURAMOS-1 have shown no benefit
to intensified therapy for poor responders with
localized osteosarcoma (http://www.ssg-org.net/
wp-content/uploads/2011/03/EURAMOS-1-
Poor-Response-Randomisation1.pdf).

8.2.3 PrognosticIndications
of Histological Response
in Ewing Sarcomas

As in osteosarcoma, poor histological response
has been demonstrated to be an independent

adverse prognostic factor for EFS in Ewing sar-
coma patients (Bacci et al. 2004b). These patients
exhibit drastic differences in relapse-free survival
according to their histological response (Qureshi
et al. 2013). Preoperative chemotherapeutic
response has been reported to be the single-most
predictive indicator of event-free survival in post-
operative Ewing sarcoma patients (Wunder et al.
1998). In addition, histological response was
determined to have the largest impact in the pre-
diction of local recurrence of Ewing sarcoma
after surgical treatment of the primary tumor,
with central site of disease as a second indepen-
dent predictive factor (Lin et al. 2007). Significant
correlations between histological response to
chemotherapy and primary tumor location, pres-
ence of metastases, and histological features
relating to patient survival have been demon-
strated (Coffin et al. 2005).

Also similar to what is seen in osteosarcoma,
studies of the treatment of Ewing sarcoma
patients based upon their histological response
have yielded varying results. According to the
French Society of Pediatric Oncology’s study,
EWS88, which used a threshold of 95 % tumor
necrosis as a good response in localized Ewing
sarcoma patients, further therapeutic trials were
recommended based on histological response or
tumor volume according to the method used for
local control (Lopez Guerra et al. 2012; Oberlin
et al. 2001). The German Cooperative Ewing
Sarcoma Study, CESS 86, demonstrated poor
histological response as a negative predictor of
EFS. The study also noted that 52 % of patients
survived after risk-adapted therapy (Paulussen
et al. 2001a). It has since been demonstrated
that the outcome of nonmetastatic Ewing sar-
coma bone tumors is influenced by several vari-
ables in addition to histological response. It has
been proposed that criteria to stratify Ewing sar-
coma patients according to risk of relapse
include all variables that show prognostic sig-
nificance, such as gender, age, volume of tumor,
type of local treatment, type of chemotherapy,
the presence of distant recurrences, and serum
LDH level, as opposed to being based on a sin-
gle prognostic factor (Bacci et al. 2006a; Lopez
Guerra et al. 2012).


http://dx.doi.org/10.1007/978-3-319-18099-1_6
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8.2.4 Alternative Methods
of Determining Histological
Response

Recent advances in radiological technologies
have led to the exploration of radiographic deter-
minants for histological response to neoadjuvant
chemotherapy. ¥ F-fluorodeoxy-p-glucose (FDG)-
positron emission tomography (PET) SUV ,, is
surging as a correlative predictor of histological
response (Dutour et al. 2009; Kim et al. 2011).
BF-FDG PET is a noninvasive imaging modality
that predicts histological response to chemother-
apy of various malignancies (Kim et al. 2011).
18 F-FDG PET SUV,,,, has been reported to cor-
relate with histological response in osteosarcoma
and may even predict response earlier than histo-
logical analysis (Dutour et al. 2009). It has also
been reported that the relative responses in SUV
from prechemotherapy (SUV1) to postchemo-
therapy (SUV2) as calculated by SUV(2:1)
[(SUV1-SUV2)/SUV1] >0.5 and SUV2<2.5 are
related to favorable histological responses to che-
motherapy, with sensitivity of SUV(2:1) at 0.5
and SUV2 at 2.5 of 93 % and 88 % and specific-
ity at 88 % and 78 %, respectively (Kim et al.
2011). Metabolic tumor volume (MTV) mea-
sured by ' F-FDG PET can also predict outcome
of osteosarcoma of the extremities (Byun et al.
2013). MTV has been reported to be an indepen-
dent predictor of metastasis in this group of
patients, and the combination of MTV with histo-
logical response predicted survival more accu-
rately than chemotherapeutic response alone
(Byun et al. 2013). The change in SUV,,,
between baseline and post-treatment imaging is
not significantly associated with histological
response for either Ewing sarcoma or osteosar-
coma. F-FDG PET responses to neoadjuvant
chemotherapy are different for Ewing sarcoma
and osteosarcoma (Gaston et al. 2011). Observed
differences between the groups include the over-
all MTV, likely secondary to a difference in the
distribution of the injected F-FDG dose within
the primary tumor. Therefore, a 50 % reduction
in MTYV, associated with favorable histological
response in osteosarcoma, was found to incor-
rectly predict good responders in Ewing sarcoma.

An increase of the Ewing sarcoma cutoff values
to a 90 % MTYV reduction was necessary for it to
be associated with a favorable outcome (Gaston
et al. 2011). These data suggest that response to
chemotherapy as reflected by changes in PET
characteristics should be interpreted differently
in the two sarcoma types (Gaston et al. 2011).

8.3  Biological Markers

In addition to histological response induced by
neoadjuvant chemotherapy, other prognostic
indicators have emerged for malignant bone
tumors. The presence of certain molecular or
genetic features has been described to be an
important prognostic marker, and new data arise
regularly from preclinical studies with newly
proposed markers such as those described below
(Hingorani et al. 2013; Kobayashi et al. 2010;
Limmahakhun et al. 2011; van Doorninck et al.
2010). The utilization of biomarkers and the
ongoing discovery of new potential therapeutic
targets have led researchers and clinicians one
step closer in the approach toward patient risk
stratification and personalized targeted therapeu-
tic strategies. With the steady emergence of vari-
ous molecules being touted as potential
“biomarkers,” a set of guidelines, the REMARK
criteria, has also been developed to elucidate
their clinical usefulness. As a translational
approach, biological markers have been catego-
rized according to their utility and may be con-
sidered as either diagnostic, prognostic, or
potential therapeutic targets (further discussed in
Chap. 15).

8.3.1 The REMARK Criteria

“Personalized medicine,” involving the notion of
individualized treatment plans according to the
individual patient’s disease and outcome, is the
ultimate goal for the treatment of patients with
cancer including those with bone tumors.
Biomarkers are being studied to guide decision-
making toward a rational and directed approach.
Along these lines, there has been an emergence
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of numerous proposed biomarkers. Without a
standardized approach, however, which path to
choose is unclear. Therefore, the precise defini-
tion of what qualifies as a “biomarker” has been
developed, along with guidelines as to how that
biomarker should be validated and applied in
clinical protocols. A biomarker must provide a
distinct risk:benefit ratio to enable clinical
decision-making, be easily available, be cost
effective, and be capable of being performed with
available technologies.

Progressions in laboratory techniques and
expansions of tumor tissue banking have led to
more studies that include aims to explore poten-
tial biomarkers. However, conflicting results have
often arisen. As a result, level of evidence (LOE)
measures were created originally by the American
Society of Clinical Oncology and have been fur-
ther modified (Hayes et al. 1996; Simon et al.
2009). Reporting Recommendations for Tumor
Marker Prognostic Studies (REMARK) guide-
lines were published by the National Cancer
Institute in 2005 and recently updated in 2012.
These guidelines require studies of biomarkers to
meet specific criteria in order to be considered
adequate, including clearly describing character-
istics and treatment modalities for all patients
and specimens involved, use of reproducible
methodologies including disclosure of assay
methods and detailed study design, and involving
a clear biostatistical strategy. Data should be
clearly reported, with analyses showing the rela-
tion of the marker to standard prognostic vari-
ables. The criteria also highlight the significance
of reporting study limitations and implications
for future research and clinical value (Altman
et al. 2012; McShane et al. 2005).

8.3.2 Biological Markers
in Osteosarcoma

Osteosarcoma is characterized by complex
karyotypic abnormalities without chromosomal
translocations or distinct patterns. Numerous
genes have been shown to contribute to osteosar-
coma tumorigenesis. Although continual prog-
ress has been made in detecting genetic alterations

in osteosarcoma, to date no distinctive molecular
marker has been proven to have better prognostic
implications than the clinical markers which are
currently employed. Nonetheless, the search con-
tinues to identify markers that may be utilized to
guide therapeutic modifications. Some of the
well-known biomarkers are discussed below.

DMP-1 Dentin Matrix Protein 1 (DMP-1) has
been proposed to be a diagnostic marker of bone-
forming tumors. It is highly expressed in osteo-
cytes and found in dentin and bone. Expression
has been reported in osteosarcoma, with negative
stains in other bony neoplasms such as Ewing
sarcoma, chondrosarcoma, leiomyosarcoma,
fibrosarcoma, and giant cell tumor of bone
(Kashima et al. 2013). As there are more defini-
tive pathological techniques and stains to distin-
guish osteosarcomas, the role of DMP-1 remains
unclear.

Oncogenes and Tumor Suppressor
Genes Several oncogenes and tumor suppressor
genes have been implicated to have prognostic
significance in osteosarcoma. The ongoing COG
biology study, AOST06B1, examines the poten-
tial roles of RB/p53, ERBB2, MDM2, p16, and
p21, LOH at 3q and 18q, the amplification or
overexpression of C-sis, Gli, and C-fos, the pres-
ence of the SV-40T-antigen sequence, and Myc/
Ras pathway (Martin et al. 2014; Patino-Garcia
et al. 2003).

RB1 One of the earliest associations of tumor
suppressor genes with osteosarcoma was found
in patients who survived bilateral retinoblastoma.
Loss of heterozygosity (LOH) of the retinoblas-
toma gene RB1 was identified to be associated
with the development of osteosarcoma and can
be found in a high percentage of patients with
osteosarcoma. Studies investigating correlation
of outcome with RB1 gene status have shown
mixed results, and significant association has not
been identified in more recent studies (Kong and
Hansen 2009; Patino-Garcia et al. 2003).

p53 and MDM2 Osteosarcoma is one of the
most common tumors associated with patients
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with Li—Fraumeni syndrome (Kong and Hansen
2009). As a result, cell cycle regulators such as
p53 and its related proteins p16 and p21 are sus-
pected to serve as prognostic indicators in osteo-
sarcoma (Diller et al. 1990; Fu et al. 2013;
Mclntyre et al. 1994; Miller et al. 1996a; Scholz
et al. 1992; Ueda et al. 1993). p53 has been high-
lighted as an effective biomarker for the predic-
tion of survival in patients with osteosarcoma
(Fu et al. 2013). Amplification of MDM2, a neg-
ative regulator of p53, has also been observed in
metastatic or recurrent osteosarcomas and is
thought to potentially play a role as an indirect
pathway to p53 inactivation (Ladanyi et al.
1993a; Miller et al. 1996b; Patino-Garcia et al.
2003). Studies investigating the function of
TP53 in projecting osteosarcoma outcomes have
shown that the functional status of p53 is not
associated with response to chemotherapy, but
mutant p53 status has been reported to be associ-
ated with slight decrease in overall survival
(Kong and Hansen 2009).

HER2/Neu The proto-oncogene HER2/Neu,
erbB-2, is a member of the epidermal growth fac-
tor receptor family and is variably expressed in
osteosarcoma cells (Kong and Hansen 2009).
Expression of HER2/erbB-2 has been reported to
correlate with survival in osteosarcoma (Gorlick
et al. 1999; Morris et al. 2001; Onda et al. 1996).
Targeted therapy against erbB2, however, was
proven to be ineffective for treatment of osteosar-
coma (Kong and Hansen 2009).

LOH of 3q and 18q Loss of heterozygosity in
3q and 18q has been frequently observed in
osteosarcoma (Kong and Hansen 2009; Kruzelock
et al. 1997). These locations may contain other
tumor suppressor genes which have not yet been
identified. They are currently both under review
as potential prognostic indicators in the COG
biology committee, although there is no pub-
lished literature directly correlating loss of het-
erozygosity at either locus with patient
outcomes.

Myc and Ras A small percentage of osteosar-
coma patients have been reported to have Myc
amplification (Barrios et al. 1993; Ladanyi et al.

1993b). The amplification of C-myc is implicated
in osteosarcoma pathogenesis, with studies dem-
onstrating enhanced invasion characteristics of
osteosarcoma cell lines with its amplification via
the MEK-ERK pathway (Han et al. 2012).
Amplification of c-myc has been correlated with
a worse prognosis and decreased 3-year overall
survival for osteosarcoma patients (Wu et al.
2012). Interestingly, it has also been reported that
c-myc amplification occurs most frequently
alongside of RBI alterations, indicating that
these may together play a role in the pathogenesis
and progression of osteosarcoma (Ozaki et al.
1993). Ras gene mutations have been identified
in several cancer types, but their role in osteosar-
coma has not yet been determined (Antillon-
Klussmann et al. 1995; Barrios et al. 1993;
Nardeux et al. 1987).

C-sis and C-fos C-sis encodes a chain of the
platelet-derived growth factor, PDGF, and it has
been identified as amplified in human osteosar-
coma cells, as well as in spontaneous canine
osteosarcomas (Graves et al. 1984; Kochevar
et al. 1990). C-fos plays a role in normal bone
metabolism, and osteosarcoma develops in trans-
genic mice which overexpress c-fos (Wu et al.
1990). Human osteosarcoma patients have been
found to overexpress c-fos as well, though it is
yet unclear whether or not it relates to prognosis
(under study by COG).

Genes Related to Interactions with the
Environment Other potential prognostic indi-
cators in osteosarcoma include the expression of
genes related to environmental interactions, such
as metalloproteinase (MMP), c-MET, insulin-
like growth factor-1 (IGF-1), Ezrin, and Survivin.
The metalloproteinases are thought to be respon-
sible for lysing extracellular matrix proteins and
therefore possibly play a role in invasion and
metastasis (Kong and Hansen 2009). The c-met
oncogene codes for hepatocyte growth factor
(HGF) receptor. Stimulation of c-met induces
cellular responses which include cell division,
and overexpression of c-met has been correlated
with poor outcomes in adult tumors. C-met is
highly expressed in 60 % of human osteosar-
coma, but it has not yet been studied as a prog-
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nostic indicator (Ferracini et al. 1995). Since
peak incidence of osteosarcoma coincides with
periods of rapid bone growth, it is possible that
hormones which influence growth contribute to
its development. Insulin-like growth factor 1 is
regulated by growth hormone and has been dem-
onstrated to function in the growth, turnover, and
metabolism of normal bone. Osteosarcoma cell
lines have displayed IGF-1 dependence in cul-
ture, and several drugs that inhibit growth hor-
mone are being examined for the treatment of a
variety of cancers (Burrow et al. 1998; Jentzsch
et al. 2014; MacEwen et al. 2004). Ezrin (VIL2),
an actin-cytoskeleton cross-linker, is thought to
be essential for metastasis. In a limited sample of
pediatric osteosarcoma patients, Ezrin expression
was shown to be associated with favorable out-
come (Kong and Hansen 2009; Zhang et al.
2014). Survivin (BIRCS5) is a member of the
Inhibitor of Apoptosis (IAP) family of proteins.
It binds caspase-3 and -7 and was found to be
expressed in osteosarcoma tumors but not in nor-
mal tissues, and its expression has been corre-
lated with increased malignancy and metastasis
(Hingorani et al. 2013; Kong and Hansen 20009).

Chromosomes Markers associated with chro-
mosome function such as telomerase and tumor
cell ploidy are also being studied as potential
prognostic  indicators  for  osteosarcoma.
Telomerase serves as a regulator of the number of
replications a cell may undergo (Wen et al. 2002),
and it is hypothesized that it may play a role in
the progression of tumors. Telomerase expres-
sion has been negatively correlated with progno-
sis in several adult cancers including
osteosaracoma (Kong and Hansen 2009;
Nakashima et al. 2003; Sanders et al. 2004).
Though ploidy has been previously investigated
as a prognostic indicator in prior osteosarcoma
studies, it is being re-examined in the context of
current clinical trials (Bauer et al. 1989; Gebhardt
et al. 1990).

Drug Resistance Genes The MDRI1 gene
encodes P-glycoprotein, a transmembrane pro-
tein responsible for the efflux of numerous che-
motherapeutic agents including doxorubicin.
Multidrug resistance protein (MRP) is a family

member of P-glycoprotein and is responsible for
efflux of doxorubicin and etoposide (Grant et al.
1994; Loe et al. 1996). Methotrexate transport
and metabolism via the dihydrofolate reductase
enzyme has been shown to play a significant role
in treatment of osteosarcoma. Increased expres-
sion of glutathione S-transferase P1 (GSTP1), a
phase II detoxification enzyme, has been associ-
ated with significantly higher relapse rate and a
worse clinical outcome in osteosarcoma (Kong
and Hansen 2009). It was found to be upregulated
in osteosarcoma cells when treated with doxoru-
bicin or cisplatin.

Bone Turnover Markers Markers for bone
turnover have also been studied as potential prog-
nostic indicators for osteosarcoma. Serological
markers like alkaline phosphatase have been
reported to be predictive of time to recurrence for
osteosarcoma patients (Bacci et al. 2002b).
Higher levels are associated with earlier relapses
of the disease (Kong and Hansen 2009). It has
been proposed that alkaline phosphatase may be
useful in the monitoring and assessment of effi-
cacy of therapy in pediatric osteosarcoma
(Ambroszkiewicz et al. 2006, 2010a, b).
Indications of bone marrow recovery after
chemotherapy may be of prognostic value in
osteosarcoma as well. The time for recovery of
lymphocytes has been reported to be a significant
indicator of outcomes in osteosarcoma patients.
Using a threshold absolute lymphocyte count
of > 800 cells/pl on day 14, researchers were able
to distinguish significant differences in overall
survival based upon “early” versus “late” lym-
phocyte recovery, with a reported 5 year OS of
92.3 % versus 33.3 %, respectively. Risk stratifi-
cation and subsequent therapy based on the
threshold absolute lymphocyte count on day 14
may thus be a rational strategy that could be
tested in a clinical trial (Moore et al. 2010).

8.3.3 Biological Markers in Ewing
Sarcoma

Several studies of prognostic biomarkers in
Ewing sarcoma have yielded the emergence of
four main categories which adhere to REMARK



134

K.B. Haworth and B.A. Setty

criteria, including EWSRI translocation type, cell
cycle proteins, copy number alterations (CNAs),
and subclinical disease measurement (Pinto et al.
2011; van Maldegem et al. 2012; Wagner et al.
2012), among others.

EWS Translocation A translocation involving
the EWSR1 gene on chromosome 22 is the
molecular hallmark of Ewing sarcomas.
Typically, the 5 of EWSRI is fused to the 3’ of an
ETS gene family member, most commonly FLI
on chromosome 11, t(11;22)(q24;q12). The
EWS-FL1 fusion protein was the first sarcoma
gene to be cloned and represents a dominant
oncogene. This translocation has been further
categorized into the more frequently occurring
Type 1, involving exon 6, and Type 2, involving
exon 5. The remaining minority of cases are com-
prised of the 3’ translocation companion with
various ETS family genes (Sankar and Lessnick
2011), including ERG on chromosome 21 in
10 %, EWS-ETV1 (<1 %), EWS-ETV4 (<1 %),
EWS-FEV (<1 %).

The fusion type may have prognostic rele-
vance in Ewing sarcoma (Halperin 2011).
Correlations between prognosis and fusion type
were initially reported from retrospective studies
conducted in the late 1990s, with reports of
patients with type-1 fusion having significantly
improved overall survival compared to those with
other fusion types. In other reports, lower relapse
rates were associated with type-1 fusion in
patients with localized disease. Both Euro-
EWING and COG subsequently evaluated out-
comes and fusion status, with results that were
not supportive of the original findings (Le Deley
et al. 2010; Shukla et al. 2013). In the Euro-
EWING trial, there was no difference exhibited
in the distribution of sex, age, tumor volume,
tumor site, disease extension, or histological
response between the four fusion type groups.
The study concluded that EWS fusion type was
not prognostically significant for risk of disease
progression or relapse (Le Deley et al. 2010).

Cell Cycle Proteins Cell cycle regulation mark-
ers have been shown to have clinical significance
in Ewing sarcomas (Lopez-Guerrero et al. 2011).

Genetic alterations in the RB pathway have been
described in Ewing sarcoma, including deletions
of both RBl1 and CDKN2A (INK4A/ARF)
(Huang et al. 2005; Kovar et al. 1997; Mackintosh
et al. 2012). Numerous retrospective studies have
shown correlations between patient outcome and
alterations in CDKN2A (Kovar et al. 1997). In
2013, the COG Ewing Sarcoma Biology
Committee found strong evidence to support
CDKN2A loss as a strong negative prognostic
marker (Shukla et al. 2013).

The mutational status of p53 has also been
assessed in retrospective studies as a potential
prognostic biomarker in Ewing sarcoma (Yang
et al. 2014). p53 overexpression has been associ-
ated with advanced disease at time of diagnosis,
poorer treatment response, and inferior overall
survival, independent of site, local treatment, or
extent of tumor necrosis (Abudu et al. 1999;
Yang et al. 2014). High p53 expression has also
been reported to be the strongest prognostic fac-
tor correlating with decreased overall survival (de
Alava et al. 2000). p53 mutations and/or
CDKN2A deletions are associated with poor
response to chemotherapy (Huang et al. 2005).
A significant association exists between increased
p53 expression and metastatic disease and poorer
progression-free survival and disease-specific
survival in patients with localized disease (Lopez-
Guerrero et al. 2011).

Copy Number Alterations Copy number alter-
ations (CNAs) and genomic instability have been
repeatedly reported in Ewing sarcoma (Jahromi
et al. 2012; Shukla et al. 2013). The most com-
monly reported alterations in Ewing sarcoma are
trisomy 8, trisomy 12, and gain of 1q (Shukla
et al. 2013). Alterations that correlated with out-
come are 1p36.3 loss (Hattinger et al. 1999),
1921-g22 gain (Armengol et al. 1997; Kullendorff
et al. 1999; Mackintosh et al. 2012; Tarkkanen
et al. 1999), 6p21.1 gain (Tarkkanen et al. 1999),
8 gain (Armengol et al. 1997; Jahromi et al. 2012;
Tarkkanen et al. 1999; Zielenska et al. 2001), 12
gain (Armengol et al. 1997; Tarkkanen et al. 1999;
Zielenska et al. 2001), 16q loss (Jahromi et al.
2012; Ozaki et al. 2001), 20 gain (Jahromi et al.
2012; Roberts et al. 2008), or other combinations
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(Ferreira et al. 2008; Jahromi et al. 2012;
Kullendorff et al. 1999; Ozaki et al. 2001; Roberts
et al. 2008; Savola et al. 2009; Zielenska et al.
2001). Independent studies have identified chro-
mosomal copy number alterations as accepted
prognostic indicators. The COG Ewing Sarcoma
Biology Committee recommends that tumor and
germline DNA be collected from all Ewing sar-
coma patients registered on future therapeutic
studies so that CNAs and other genetic mutations
can be evaluated as prognostic and predictive bio-
markers (Shukla et al. 2013). The COG has also
discussed prospective incorporation of copy num-
ber alterations in its upcoming relapsed/refractory
Ewing sarcoma trial (Shukla et al. 2013).

Subclinical Disease Measurement Minimal
residual disease (MRD) has been well established
as a crucial part of pediatric acute lymphoblastic
leukemia therapeutic decision-making (Biondi
et al. 2000; Borowitz et al. 2008). COG protocols
for leukemia have integrated standardized timing
and methodologies for MRD, and it is considered
to be a prognostic indicator for risk stratification.
Utilization of MRD as a means of subclinical dis-
ease detection and prognostic correlation in
Ewing sarcoma has yet to be validated, and cur-
rent methodologies for this incorporate RT-PCR
and flow cytometry. These studies are designed to
identify pathognomonic fusion transcripts in
blood and/or bone marrow as evidence of occult
micrometastatic or persistent disease. The COG
Ewing Sarcoma Biology Committee is uncon-
vinced that RT-PCR-based assays will be clini-
cally optimal for prognostication and treatment
stratification (Shukla et al. 2013). Although
potentially significant, the technicalities and
logistics regarding tissue collection and perfor-
mance of RNA-based studies on blood and bone
marrow specimens make RT-PCR analysis of
subclinical disease less realistic for routine clini-
cal practice (Shukla et al. 2013). More recently,
flow cytometry detecting CD99 has been used in
attempt to identify subclinical disease in Ewing
sarcoma (Ash et al. 2011; Dubois et al. 2010).
Studies have also reported high tumoral CD56
expression as a significant poor prognostic factor
(Ash et al. 2011). Planned COG studies are now

underway to validate these findings in newly
diagnosed patients (AEWSO07B1) and in patients
with recurrent disease (AEWS07B1 and
ADVLI1221) (Shukla et al. 2013).

Other Potential Prognostic Indicators Numerous
other potential prognostic markers for Ewing sar-
coma have been studied and correlated with signifi-
cant outcome differences. A majority of these,
unfortunately, do not fulfill REMARK criteria for
reporting and will require further validation (Shukla
et al. 2013). Promising candidates include 9p21
status, heat shock proteins (HSP), telomerase,
interleukins, tumor necrosis factor (TNF), VEGF
and members of its pathway, lymphocyte count,
and Ki-67 status (Scotlandi et al. 1995; van
Maldegem et al. 2012). Epithelial mesenchymal
transition (EMT) markers are also proposed as
potential markers for prognostic significance.
These include desmoplakin, pGSK3b, ZO-1, Snail,
and CK8/18 (Machado et al. 2012). Further valida-
tion of these is required.

Hepatoma-derived growth factor (HDGF) has
been shown to be upregulated in Ewing sarcoma
and has been reported to be significantly corre-
lated with tumor volume, metastases at diagnosis,
low overall survival rate, and low disease-free
survival rate (Yang et al. 2013). It has also been
reported to improve prognostic stratification for
patients with Ewing family tumors when com-
bined with p53 expression status (Yang et al.
2014).

As also explored in osteosarcoma, BIRCS, or
Survivin, is a poor prognostic marker for Ewing
sarcoma as well. Preclinical studies have shown
BIRCS to be overexpressed in Ewing sarcomas,
and high expression is described as an indepen-
dent prognostic indicator of worse outcomes
(Hingorani et al. 2013). Further studies are
needed to validate these findings.

Conclusions

The stratification of patients with bone tumors
into high- or low-risk categories may ulti-
mately result in the optimization of therapeu-
tic regimens for these patients. Qualifying a
patient as a “good” or “poor” responder to
neoadjuvant chemotherapy might direct the
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administration of more or less intensified che-
motherapeutic regimens, though recent clini-
cal trials have shown that histologic response
currently offers prognostic value rather than
therapeutic guidance. In addition to the post-
chemotherapy histologic response, a large
number of prognostic indicators exist for bone
malignancies. The utilization of these markers
to contribute to patient risk stratification and
personalized targeted therapeutic strategies is
under evaluation. Biologic markers, whether
diagnostic, prognostic, or potential therapeu-
tic targets, require standardized evaluation and
reporting in order to successfully interpret
their practicality, and the guidelines proposed
within the REMARK criteria were put forth
for this reason. Several established biomark-
ers exist for the most common pediatric bone
tumors, osteosarcoma and Ewing sarcoma,
with numerous reported novel prognostic indi-
cators on the horizon.

As the field continues to develop and
evolve, oncologists consistently strive to fur-
ther define risk categories for patients, with the
aim of optimizing therapeutic strategies and
minimizing long-term toxicities of chemother-
apy. Methods of risk stratification include tai-
loring treatment according to patient responses
and the identification of diagnostic and prog-
nostic biomarkers. As the search for new meth-
ods to cure bony malignancies persists, the
detection of further prospective therapeutic
targets continues to show promise and antici-
pation in the eventual improvement in survival
rates for these patients.
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Abstract

Major advances have been made in the last
30 years in the treatment of pediatric bone sar-
comas. Chemotherapy has been credited with
the largest advance in overall survival (from
20-30 % to 6070 %), but increased expertise
in surgical techniques, advanced imaging, and
reconstructive options have also had major
impact in the area of limb salvage (Weisstein
et al. 2005). The surgical decisions in this set-
ting are complex with many intricacies that
come in to play. Treatment algorithms should
be prioritized by the patient’s overall survival
first, then the salvage of the limb. Two key
principles must always be remembered: the
limb salvage procedure should not result in a
worse survival for the patient and the function
of the limb should be acceptable. Consideration
of limb function, appearance, and length must
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be included in the decision of whether to
attempt limb salvage versus amputation.
Social and financial factors also play a role.
The interests and potential future vocation of
the patient must be considered, which may not
be known in the young patient (Choong and
Sim 1997). The goal of this chapter is to out-
line the approach and surgical considerations
when deciding limb salvage and amputation in
the setting of pediatric bone sarcoma.

9.1 Introduction

Major advances have been made in the last
30 years in the treatment of pediatric bone sarco-
mas. Chemotherapy has been credited with the
largest advance in overall survival (from 20-30 %
to 60-70 %), but increased expertise in surgical
techniques, advanced imaging, and reconstructive
options have also had major impact in the area of
limb salvage (Weisstein et al. 2005). The surgical
decisions in this setting are complex with many
intricacies that come in to play. Treatment algo-
rithms should be prioritized by the patient’s over-
all survival first, then the salvage of the limb. Two
key principles must always be remembered: the
limb salvage procedure should not result in a
worse survival for the patient and the function of
the limb should be acceptable. Consideration of
limb function, appearance, and length must be
included in the decision of whether to attempt limb
salvage versus amputation. Social and financial
factors also play a role. The interests and potential
future vocation of the patient must be considered,
which may not be known in the young patient
(Choong and Sim 1997). The goal of this chapter
is to outline the approach and surgical consider-
ations when deciding limb salvage and amputation
in the setting of pediatric bone sarcoma.

General principles of the resection for limb
salvage include an extensile longitudinal
approach that allows for resection of the biopsy
tract and adequate exposure of the adjacent neu-
rovascular bundles. The goal of resection is to
perform a “wide resection,” which by definition
leaves a cuff of normal tissue around the mass.
Reconstruction options for large skeletal defects
must be available, and adequate soft tissue cover-

age for closure is of vital importance (DiCaprio
and Friedlaender 2003).

9.1.1 Timing of Local Control

The timing, when local control in the form of sur-
gical resection is performed, should be individual-
ized based on the patient presentation, diagnosis,
and stage of disease. Most centers utilize standard
protocols from co-operative groups, such as
Children’s Oncology Group (COG), which gener-
ally call for a period of neoadjuvant chemotherapy
prior to surgical resection of the mass. Interestingly,
this approach was constructed as the concept of
limb salvage was being developed. Before modern
modular prosthetic components were available for
widespread use, when a patient required a mega-
prothesis for limb salvage there was often a delay
of 6-12 weeks for the device companies to manu-
facture the implant required. Chemotherapy was
initiated during this delay and several advantages
of this approach were discovered. First, micromet-
astatic disease is treated immediately, potentially
decreasing early development of drug-resistant
clones (Jaffe 2014). Secondly, the period of neoad-
juvant treatment allows the surgeon to appropri-
ately plan the procedure and have multiple
discussions with the family regarding treatment
options. Third, the initial response to chemother-
apy may affect the local control approach. Patients
may see their tumor progress, shrink, or they may
develop metastatic disease, all of which could
change options available for surgery. And lastly,
systemic treatment up front allows histologic eval-
uation of the resected tumor, and the percent of
tumor necrosis in the case of osteosarcoma corre-
lates with overall survival (Fig. 9.1).

One additional scenario that deserves discus-
sion is the presence of pathological fracture. The
occurrence of a pathologic fracture, either at pre-
sentation or during induction chemotherapy, was
traditionally treated with immediate amputation.
However, it has now been established that
although overall survival is worse in these
patients (55 % compared to almost 80 %), limb
salvage can still be performed in select cases in
which negative surgical margins can be achieved
(Scully et al. 2002).
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Fig. 9.1 Pre-operative x-ray (a) and MRI (b) demonstrating an aggressive sarcoma of the proximal humerus in a
5-year-old boy. A vascularized fibula (c) was harvested and used to reconstruct the proximal humerus (d)

9.1.2 Role of Skeletal Maturity

One of the major differences when considering
limb salvage versus amputation in the pediatric
population is the growth potential in terms of
skeletal maturity. Skeletal maturity (as defined by
closure of the growth plates) is gender dependent
but is generally not reached until the age of
16-18 years. The most common locations for the
development of osteosarcoma include the areas
of rapid bone growth (distal femur, proximal
tibia, proximal humerus). Therefore, the younger
the child is at the time of diagnosis, the more
growth that must be accounted for in the surgical
decision and reconstruction. In general, the
younger (and smaller) the patient, the more diffi-
cult limb salvage is to achieve and the worse the
morbidity (Guillon et al. 2011). Additional fac-
tors that play a role in the decision to perform
limb salvage in the skeletally immature patient
include size of the resection and tumor, size of
available implants, other reconstructive options,
size of soft tissue envelope, and potential for
lengthening after index procedure.

Indications
and Contraindications
for Limb Salvage

9.2

With current treatment approaches, limb salvage
can generally be offered in 90 % of cases (Wilkins
et al. 2005). General indications include isolated

disease, a good response to chemotherapy, and no
involvement of the adjacent neurovascular struc-
ture. There are really no absolute contraindica-
tions to limb salvage, but the overall function of
the limb should always be considered and several
relative contraindications have been defined.
These contraindications to limb salvage include
progression during chemotherapy, encasement of
neurovascular structures, the very skeletally
immature patient, and sometimes pathologic
fracture resulting in a high degree of local tissue
contamination. Another consideration should be
minimizing the time to resumption of chemother-
apy after the local control surgery. Outcome data
suggest that systemic therapy should be resumed
within 6 weeks of surgery to maximize survival
for the patient. Therefore, attempts to minimize
infection and wound complications should be
paramount. Judicious use of flaps for wound cov-
erage, minimizing operative time, and pre-
surgical optimization of blood counts should all
be employed to minimize the time the patient will
be off systemic treatment.

9.3  Reconstructive Options

Once the decision to proceed with limb salvage
has been made, there are multiple potential
options available for the reconstruction. When
the tumor is present in an expendable bone, local
control can be achieved with resection without
reconstruction. Locations amenable to this
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Fig.9.2 Pre-operative x-ray (a) and MRI (b) showing an osteosarcoma of the distal femur. Intercalary physeal sparing
allograft was used to reconstruct the defect (c)

include the fibula, portions of the pelvis and
sacrum, and portions of the ulna. Outside of these
select areas reconstruction is usually required.

9.3.1 Autograft

The use of autografts in reconstruction for struc-
tural defects is fairly limited. The most common
indication utilizes the fibula, either in a vascular-
ized or non-vascularized fashion. The mid-portion
of the fibula can serve as a structural strut, and has
been described in combination with an allograft to
promote healing (Li et al. 2011). Vascularized fib-
ular graft has also been described for reconstruc-
tion of intercalary resections of long bones (tibia,
femur, humerus) (Chen et al. 2007). Another
potential indication exists in the very young child
(<8 years old) with a malignant proximal humerus
tumor. Skeletal growth is an issue, and the proxi-

mal fibular epiphysis can be harvested on a vascu-
larized pedicle for reconstruction in an attempt to
maintain some growth in the limb (Fig. 9.2).

9.3.2 Allografts

Prior to the advent and development of metallic
prosthesis in the last 30 years, allograft recon-
struction was the mainstay of treatment for pedi-
atric sarcoma patients. Allografts have been used
longer than any other reconstruction method.
Osteoarticular allografts were used extensively
for reconstruction involving the joint and allow a
strong repair for ligaments and other soft tissue.
Unfortunately, very few of the chondrocytes sur-
vive the preservation and sterilization process,
so the natural course is for the joint surface to
degenerate over time. Osteoarthritis develops in
the first 5-10 years in 15 % of patients (Mankin
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Fig.9.3 Examples of
modular prosthesis. A
proximal tibia (a) and
proximal femur (b) is shown.
Heterotopic ossification is
commonly seen after the
reconstruction, seen
particularly well in (b)

etal. 1996). Thus, metallic solutions have largely
replaced this reconstruction when tumor resec-
tion requires the joint to be removed, although it
can still be employed in select circumstances
(Muscolo et al. 2008).

The major usage of structural allografts
occurs in intercalary resections and reconstruc-
tions (Fig. 9.3). This technique can be employed
in cases where the tumor is limited to the diaphy-
sis and the physis can be spared. The allograft is
usually stabilized and protected with either a
plate or rod, which minimizes the potential for
fracture of the allograft (Miller and Virkus 2010).
The ability to spare the joint allows functional
outcomes to be maximized for these patients.

The modes of failure associated with allograft
reconstruction include infection, fracture, and
non-union. Up to 50 % of patients can be
expected to experience one of these complica-
tions, and the rate of early complication is high
(Mankin et al. 1996).

9.3.3 Metallic Prosthesis

The advent and development of metallic “mega”-
protheses has replaced the utilization of allografts
in most circumstances. Modern systems offer

Fig.9.4 Plain radiograph showing reconstruction with a
non-invasive expandable prosthesis in a 8 years old
patient. The prosthesis can be lengthened in the office
using an electromagnetic coil
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Fig.9.5 Lateral radiograph of a knee showing an exam-
ple of an allograft-prosthestic combination reconstruction
that was utilized after resection of the proximal tibia for
osteosarcoma. An allograft proximal tibia with extensor
mechanism attached is used to reconstruct the bone defect
and a metallic prosthetic knee is placed in combination for
joint reconstruction

reconstruct almost any length of skeletal defect
intra-operatively (Fig. 9.4). Immediate range of
motion and weight bearing can often be allowed
with these constructs. In addition, there is a lower
risk of infection and non-union when compared
to allografts, and there is no risk of disease trans-
mission. These devices can also be used for sal-
vage after failure of a prior allograft (Foo et al.
2011). Also available are expandable prostheses,
which allow growth of the limb in the child in
either an invasive or non-invasive manner
(Fig. 9.5). The development of expandable
options was a tremendous advance in the realm
of limb salvage for young patients (Beebe et al.
2010). The child usually undergoes lengthening
every 1 cm or so. Lengthening in larger incre-
ments can cause increased pain and neuropraxia.
Despite high interest and emotional acceptance
with these devices, studies have not shown supe-
riority to limb salvage versus amputation
(Henderson et al. 2012).

The main modes of failure for metallic pros-
thesis include loosening and infection. Either of
these can be disastrous for the patient and can
lead to extensive revision or even to amputa-

Fig. 9.6 Incisions for transradial amputation and ray
resections

tion. The 10-year survival for these devices is
around 60 % (Morgan et al. 2006). Location
plays a role in the durability of the reconstruc-
tion, with proximal humeral and proximal
femur doing the best (77 % at 10 years), distal
femur next (65 % at 10 years), and proximal
tibia prostheses faring the worst (50 % at
10 years) (Damron 1997).

9.3.4 Combination (Alloprosthetic
Composite)

Combining both an allograft and a prosthetic in a
reconstruction is performed in an attempt to cap-
ture the benefits and avoid the pitfalls of each of
the respective methods. The composite recon-
struction can help restore bone stock and provide
strong ligamentous attachments with the allograft
portion, while the prosthetic portion avoids the
cartilage degradation associated with osteoarticu-
lar allografts (Fig. 9.6).
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9.4 Amputation

Amputation is one of the oldest surgical proce-
dures known to man. The most common indica-
tions for amputation are: infection, ischemia,
trauma, and malignancy. With improved antibiot-
ics, revascularization procedures, soft tissue recon-
struction, and limb-salvage techniques, fewer
patients require amputation today than ever before.
Nevertheless, sometimes amputation is the more
prudent option in terms of either time for recovery

Fig.9.7 Incisions for above- and below-knee amputations

or risk of complications. In these instances, it is
important for surgeons to emphasize to patients
that amputation represents the beginning of a new
life rather than the culmination of previous treat-
ment failures (Figs. 9.7 and 9.8).

9.4.1 Indications

Approximately 13,000 Americans live with lower
extremity amputations due to malignancy
(Ziegler-Graham et al. 2008). With the advent of
modern chemotherapy, survival rates have

Table 9.1 Considerations impacting surgical choice for
malignant bone tumors

Patient factors Oncologic factors
Responsiveness to

adjuvant treatment

Risk tolerance for recurrence

Occupation Local aggressiveness

Ability to undergo Stage of disease

rehabilitation

Age Single lesion or
multifocal lesion

Cosmesis

Treatment factors
Prior treatment sequellae
Chemoresponsiveness

Radiation responsiveness

Anatomic factors
Size of lesion
Proximity to critical
structures

Extent of
contamination

Ability to achieve
negative or wide
margins

Fig.9.8 Incision for shoulder disarticulation or forequarter amputation. (a) Posterior incision (b) Anterior incision
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improved from approximately 20 % prior to the
1970s to nearly 70 % for primary bone sarcomas
(Ng et al. 2013). Effective imaging technology
and radiation techniques have allowed most
patients with soft tissue sarcomas to preserve
their limb without significant increases in local
recurrence rates or overall mortality.

The threshold to perform an amputation for
tumor varies widely amongst institutions. Every
situation is unique and should be evaluated on a
case-by-case basis. There are numerous impor-
tant factors to consider (Table 9.1).

On a fundamental level, it is important to note
that the oncologic role of surgical resection or
amputation for an extremity-based primary lesion
is local control. If metastases are already present,
eradicating local sites of tumor is less essential,
particularly if they are minimally symptomatic
and if there is not a reasonable chance of long-
term survival with systemic therapy. For non-
metastatic cases, achieving local control is
necessary for long-term survival. However, it is
unclear what additional risk of metastasis is
incurred with local recurrence of tumor followed
by timely re-resection or amputation. If the sur-
geon and patient are relatively risk-tolerant and
there are effective adjuvant modalities, limb-
salvage may be attempted in even high-risk cases,
with the philosophy that amputation can always be
performed later in the event of local recurrence.

9.4.2 Risks/Benefits/Alternatives

With loss of a limb, patients lose function and cos-
mesis. The impact upon the patient depends on the
availability of an effective prosthesis, the patient’s
occupation and lifestyle, and the specific body part
lost. Approximately 90—100 % of patients experi-
ence phantom-limb sensations and more than
50 % experience some degree of phantom-limb
pain (Krane and Heller 1995). Phantom pain is
most prevalent at 6—18 months following surgery
and decrease with time (Bosmans et al. 2010).
Amputation has several advantages over limb-
salvage. Typically, it has a lower rate of compli-
cations such as fracture, infection, wound healing
issues, and neurovascular injury. Amputations
can usually be performed more rapidly than limb-
salvage surgery and may be preferable in medi-

cally comorbid patients. In theory one might
think the local recurrence rate would be lower
due to wider margins, but the data suggest that
limb-salvage is equally effective at local control.
Surgical limb-salvage options include Van
Nes rotationplasty for distal femoral or proximal
tibial malignancies (Cammisa et al. 1990) and
vascular bypass for tumors encasing critical
vessels. Sacrifice of either the femoral or sciatic
nerve in the lower extremity is acceptable and
can be compensated with bracing. Loss of both
major nerves, however, renders the limb func-
tionally incapacitated. In the upper extremity,
tendon transfers, nerve transplants, and special-
ized procedures such as opponensplasty can
reduce the morbidity of major tumor resections.

9.4.3 Rehabilitation and Prosthetics

The rehabilitation process for amputees begins
pre-operatively rather than post-operatively.
Prosthetic education and psychosocial support
play a large role in patient satisfaction. Many
young patients seek and ultimately utilize the lat-
est technology in prosthetics, but for the first
9-12 months of recovery, a more basic prosthesis
is often used. Numerous prosthetic adjustments
are necessary to optimize fitting and comfort
while the stump is healing and attaining a steady
state. Although a full discussion of the available
prosthetics for all amputation levels is beyond the
scope of this chapter, it is important that the sur-
geon be familiar with the basic principles of pros-
thetic compatibility and have a close working
relationship with a reliable prosthetist.

9.5 Surgical Techniques

9.5.1 Ray Resection and Partial
Hand Amputation

The extent of the amputation is largely dependent
on the extent of the malignant process. For ampu-
tations involving border digits, a teardrop-shaped
incision is performed with the apex proximally
and along the ulnar or radial side of the hand. The
incision is carried through the webspace and the
proper digital neurovascular bundle to the
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adjacent finger is preserved if possible. For a
complete ray resection, the metacarpal is disar-
ticulated at the carpometacarpal joint. If more
than one border ray is resected, one side of the
palmar vascular arches will likely need to be
ligated. The vascularity to the hand is not jeopar-
dized because there are two arches (deep and
superficial) and each have dual blood supplies
(radial and ulnar arteries). Oftentimes with bor-
der ray resections, a flap such as a reverse radial
forearm flap is needed for soft tissue coverage.
For amputations involving central digits only, a
dorsally-based racquet-shaped incision is used.
The adjacent proper digital neurovascular bundles
are preserved if possible. The intermetacarpal
ligament from adjacent digits should be repaired
to improve stability of the hand. A closing wedge
osteotomy of the distal row of carpal bones at the
base of the resected rays can be performed in
order to close down the space between the adja-
cent digits and prevent dropping of small objects.

9.5.2 Transradial and Transhumeral
Amputation

The transradial and transhumeral amputations are
relatively straightforward procedures. In all
instances, maximal length of the stump should be
preserved. A fishmouth incision is used. The fas-
cia and muscles are transected as distally as pos-
sible to provide ample bony coverage. All
neurovascular structures are transected separately.
Nerves should be transected under tension and
allowed to retract. Using drillholes, the anterior
and posterior compartment musculature are myo-
desed to the end of the bone. A tension-free fascial
closure should be endeavored in all cases. Because
the skin is highly mobile and well-vascularized in
the upper extremity, elevating large subcutaneous
flaps to achieve skin coverage is rarely an issue.

9.5.3 Shoulder Disarticulations
and Forequarter Amputations

The patient is positioned lateral. An incision is
performed in line with the clavicle and carried
down into a deltopectoral approach. This incision
is carried laterally and posteriorly following the

distal border of the deltoid muscle. Posteriorly,
this incision is carried in line along the spine of
the scapula. To create a fishmouth incision, a sec-
ond limb of the incision is carried down the lat-
eral chest wall and curved posteriorly to join the
first incision.

A standard deltopectoral approach is per-
formed and the deltoid insertion is subperioste-
ally elevated off the humerus. The pectoralis
major, latissimus dorsi and teres major insertions
are released off the humerus. The conjoint ten-
don origin and pectoralis minor insertion on the
coracoid process are released. This muscular
exposure should reveal the brachial plexus and
axillary artery clearly. If more proximal control
of the vessels is necessary, these structures
should be identified deep to the clavicle. The lat-
eral two-thirds of the clavicle is subperiosteally
skeletonized. The clavicle is carefully transected
and the lateral two-thirds is removed. The neuro-
vascular bundle is seen clearly emerging from
the chest cavity and running over the first rib into
the arm.

If the scapula is to be removed, it can be easily
dissected posteriorly by raising large subcutane-
ous flaps and releasing its muscular attachments
off the chest wall. If the scapula is to be main-
tained, the shoulder can be disarticulated at the
glenoid, maintaining the acromion for better cos-
mesis. The deltoid flap is very well-perfused and
can simply be folded over the soft tissue defect
for closure.

9.5.4 Below Knee Amputation

In an ideal situation, the tibial osteotomy is
planned at approximately 15 cm distal to the knee
joint line. A long posterior flap approximately
15 cm long is utilized in which the medial edge of
the flap is along the posteromedial border of the
tibia and the lateral edge of the flap is in line with
the fibula. The anterior soft tissue flap is angled
90° from the posterior flap rather than a fish-
mouth to reduce dog-ears and redundant skin
during closure.

After incising the skin, the fascia is incised
slightly distally to ensure a tension-free fascial
closure. The muscles of the anterior compartment
are transected at the same level as the planned
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tibial osteotomy. The anterior neurovascular bun-
dle is identified. The nerve is transected sharply
under tension to allow it to retract, and the artery
and vein are ligated separately. Next, the pero-
neal muscles are transected at the same level.

If a standard below the knee amputation is
being performed, the tibia is then osteotomized at
the planned level and the fibula osteotomized
slightly proximally. If an Ertl or transosseous
bone bridge is planned, a sleeve of periosteum
should be raised off the tibia distal to the planned
resection level and the fibula should be transected
about 68 cm distal to the tibial level.

The proximal end of the osteotomized distal
tibia should be lifted anteriorly, and the deep pos-
terior compartment muscles subperiosteally ele-
vated off the amputated tibia and fibula to the
level of the long posterior flap at which point they
should be transected. The posterior tibial and
fibular vessels can be clamped at this level for
temporary control. The deep posterior compart-
ment and soleus muscles are resected, leaving
only the gastrocnemius muscles on the posterior
flap. The neurovascular structures are transected
and ligated at the level of the tibial osteotomy.

If no bone-bridge is planned, the edges of the
cut bone should be smoothed down and drill
holes placed in the anterior and medial aspects of
the tibia. If the patient is skeletally immature, an
uncontaminated metatarsal or phalangeal head
and neck harvested from the amputated foot can
be pressfit into the open canal of the osteoto-
mized tibia to reduce the risk of overgrowth. If a
bone-bridge is intended, a high-speed burr should
be used to create a slot in the tibia to accept a seg-
ment of fibula to be placed between the remain-
ing fibula and the tibia. This segment can be
secured with heavy non-absorbable suture
through drill holes, an Endobutton®, or screws
(Ng and Berlet 2010). A flap of periosteum can
be sutured over the fibular segment to improve
0SSeous union.

For closure, non-absorbable suture is run
through the gastrocnemius muscle and used to
secure it over the front of the tibia through drill-
holes. The posterior and anterior fascia are sutured
together for a tension-free closure. Nylon sutures
are used for skin closure. To remove redundant
skin and eliminate dog-ears, triangles of skin are

removed from each side at the ends of the incision
as the wound is progressively closed. A well-
padded posterior splint is applied to keep the knee
in extension and prevent flexion contractures.

9.5.5 Above Knee
Amputation (AKA)

The level of an AKA is largely determined by the
location of the pathology, but as a general rule, as
much length as possible should be preserved. A
fishmouth incision is planned with equal sized
anterior or posterior flaps. Depending on the skin
available, medial-lateral flaps can be successful
as well. The “angle” at the corners of the fish-
mouth should be very acute to allow preservation
of maximal skin. In fact, a guillotine amputation
may be performed initially, and once the rest of
the limb has been removed, the skin flaps can be
fashioned from the guillotined stump by essen-
tially removing dog-ears.

The quadriceps musculature is transected at
the level of the anterior flap. The periosteum is
subperiosteally elevated back to the level of the
bone resection. In order to have enough soft tis-
sues for closure, the femoral osteotomy should be
at least 10-12 cm proximal to the extent of the
flaps. Approximately 8—10 cm proximal to the
superior pole of the patella, the femoral vessels
may be found directly posterior to the medial
intermuscular septum, diving into the adductor
hiatus. These vessels should be carefully dis-
sected and ligated.

After performing the femoral osteotomy, as
much length as possible for the adductor muscu-
lature should be preserved. The hamstrings are
transected at the level of the posterior flap and the
sciatic nerve sharply transected under tension.
Drillholes should be placed anteriorly and later-
ally. Large non-absorbable suture should be used
to affix the adductors and hamstrings to the
femur. The quadriceps are folded over the top and
sutured to the hamstrings. If the patient is skele-
tally immature, a harvested uncontaminated
metatarsal or phalangeal head and neck can be
pressfit into the end of the femur to reduce over-
growth. The skin is closed with nylons and the
stump is wrapped in a well-padded dressing.
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9.5.6 Hip Disarticulation

Achieving soft tissue coverage for hip disarticu-
lations and hemipelvectomies can be challenging
depending on the location and size of the tumor.
The main two workhorse flaps for coverage are
anterior and posterior.

For a standard posterior flap hip disarticula-
tion, the patient is positioned supine with a bump
under the ipsilateral trunk and a teardrop shaped
incision is made with the apex or corner starting
near the anterior superior iliac spine. The poste-
rior aspect of the incision wraps around distal to
the gluteal musculature. The femoral triangle is
explored and the main vessels are ligated sepa-
rately. All of the anterior and medial compartment
muscles are transected near their origin. A cir-
cumferential hip capsulotomy is performed and
the femur is disarticulated. The gluteal muscles
are released at their insertions and are separated
from the hamstrings and vastus lateralis. The sci-
atic nerve is transected proximally under tension.
The superior and inferior gluteal vessels are pre-
served as they are the blood supply for the poste-
rior flap. The posterior flap is folded anteriorly
and used to cover the resultant soft tissue defect.

For a standard anterior flap hip disarticulation,
the patient is positioned lateral, but held in place
loosely by a beanbag such that he or she can be
rolled posteriorly to a more supine position for the
anterior dissection. The medial incision starts just
medial to the femoral vessels proximally and is
extended to the medial knee. The greater saphenous
vein is ligated and the spermatic cord is protected in
males. The femoral vessels are identified, but the
integrity of the femoral sheath is maintained. The
quadriceps muscles are transected just proximal to
the knee and subperiosteally elevated off the ante-
rior femur. The superficial femoral artery is identi-
fied and ligated at the level of the adductor hiatus.
The lateral incision is performed slightly posterior
to the lateral intermuscular septum. As the anterior
flap is elevated, the medial plane of dissection is
carried out between the vastus medialis and femoral
vessels anteriorly and the adductor musculature
posteriorly. The sartorius muscle may be sutured
over the femoral sheath to help provide coverage
posteriorly. The deep femoral artery is ligated as it
travels directly posterior to the femur and the

multiple perforator vessels are cauterized as they
travel laterally. As the flap is elevated proximally
and anteriorly, the lateral circumflex vessels and its
branches are protected because they are a main
blood supply to the anterior flap.

The proximal lateral portion of the incision is
angled posteromedially towards the posterior
sacral iliac spine at the tip of the greater trochan-
ter, similar to a posterolateral approach to the hip.
The muscular insertions are subperiosteally ele-
vated off the proximal femur and a circumferen-
tial capsulotomy is performed. The ligamentum
teres is transected and the femur is disarticulated.
The anterior flap is brought posteriorly to cover
the resultant soft tissue defect.

9.5.7 Pediatric Amputations

Special considerations are required for amputa-
tions in patients less than 10 years old compared
to adolescents and adults (Rab 2001; Cummings
and Kapp 1992). First, all physes should be pre-
served if possible to allow for continued longitu-
dinal growth of the stump. An acceptable length
femoral stump in an 8-year old child may not be
adequate to support a prosthesis once the patient
grows into a full-grown adult due to the loss of
the distal physis which provides the majority of
femoral length. Second, disarticulations are
advantageous in pediatric amputations because it
prevents terminal overgrowth, allows for an
end-bearing stump, and retains adequate shape to
the stump as the child grows. In adults, disarticu-
lations are bulbous and difficult to fit for prosthe-
ses. In children, transosseous amputations tend to
become conical and rotationally unstable for
prostheses while disarticulations develop into
well-shaped stumps. Third, preservation of the
proximal fibula, even if very short, is advanta-
geous for below-knee amputations. The addi-
tional width of the stump allows for more
effective prosthetic fitting. Fourth, parents should
be forewarned that terminal overgrowth is very
common, particularly in transhumeral and below-
knee amputations, and that multiple revisions of
bony prominences may be necessary. The exact
mechanism is unclear and there is no highly reli-
able method to prevent it. Fifth, superior healing
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capacity in children allow for success in using
creative wound closure techniques that would
likely not work in adults. Retaining maximal
bone length is recommended despite tenuous soft
tissue coverage is recommended, even if the use
of split-thickness skin grafts is necessary.

9.6 Summary

The surgical management of pediatric bone sar-
comas remains a challenge. Limb-sparing sur-
gery can be achieved in 90 % of cases, but only in
cases where survival of the patient is not dimin-
ished compared to amputation and where the
reconstructed limb affords a good functional
outcome. Many options exist for the reconstruc-
tion and are tailored to the individual patient.
Amputation is still the best option for some
patients and with the progress made in prosthesis
design and durable and functional outcome can
be achieved in many patients.
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10.1 Functional Assessment

Prior to the initiation of treatment, a history and
physical examination pertaining to function should
be obtained to determine if any pre-existing
impairments exist. This assessment includes an eval-
uation of the child’s capabilities in regards to mobil-
ity (transfers, standing, sitting, rolling, kneeling,
walking, and running), basic activities of daily living
(ADLSs — grooming, toileting, dressing, and bathing),
and higher level ADLs (cooking, household chores,
education, driving and employment). A strength and
range of motion examination including an assess-
ment of core strength will help determine which
rehabilitation interventions may be beneficial prior
to surgery, chemotherapy or radiation.

Similarly, a complete assessment of function,
range of motion, and strength should be com-
pleted after any surgical intervention. A detailed
understanding of the surgical intervention includ-
ing the site, any compromise of the neurovascular
or muscular systems, and the time needed for
wound and/or bone healing is necessary. Timing
and plans for chemotherapy and/or radiation
should also be reviewed.

For example, the time until first prosthetic fitting
after surgery in an uncomplicated situation is reg-
ularly greater than 2 months (So et al. 2014). This
estimation does not take into account the time
required after a prosthesis is obtained for adjust-
ments of the prosthesis and gait training. Such a
time course often comes as a surprise to patients
who anticipate a quicker return to ambulation. For
this reason, detailed education regarding pros-
thetic devices, assistive devices and bracing sets
appropriate expectations and helps facilitate sub-
sequent adjustment. Functional impairment after
limb salvage surgery also persists for many
months and frequently many years following sur-
gery (Marina et al. 2013). Even though an intact
limb is present, patients exhibit loss of strength,
decreased range of motion and associated biome-
chanical gait changes. Aggressive therapy early
during the limb salvage treatment course has been
associated with better outcomes (Ham et al.
1998). For these reasons, anticipatory guidance
and physiatrist assessment should be provided
both before and after surgical intervention to
ensure that the maximum functional potential is
reached.

10.2 Pre-surgical Treatment

Although rehabilitation specialists may not always
be consulted prior to surgery, and most of their
efforts are usually focused on post-surgical recovery
a “prehabilitation” course including a focused
strength and range of motion program can be
beneficial in reducing post-surgical functional
complications. Additionally, a thorough social
history can be helpful in determining whether
amputation or limb salvage is most appropriate.
Successful utilization of a prosthetic limb requires
a great deal of patience, social support and avail-
ability of financial resources (Horgan and
Maclachlan 2004). Home accessibility and the
ability to attend frequent prosthetist and outpa-
tient therapy appointments should be considered.

Providing anticipatory guidance prior to surgi-
cal intervention can be beneficial for patients,
families and caregivers. A thorough description of
prospective timelines for functional progression
helps with planning and with reducing anxiety.

10.3 Post-surgical Rehabilitation

Post-surgical rehabilitation treatment should be
individualized based on the tumor location, the
surgical intervention, the developmental level of
the child, planned radiation or chemotherapy,
comorbidities, and the child’s and family’s goals.
Common sequelae after surgery may include
phantom sensation, phantom pain or neuropathic
pain, musculoskeletal pain, loss of range of
motion, weakness, and delayed wound healing.
Surgical interventions may be roughly divided
into ablation and limb-salvage procedures.

10.3.1 Ablation

The term ‘“ablation” includes amputations and
rotationplasty of the knee which are described in
detail in Chap. 9. The most common areas of
involvement are the proximal humerus, the pel-
vis, the proximal femur, the distal femur and the
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proximal tibia. Amputations at these levels
include the forequarter, shoulder disarticulation,
proximal transhumeral, hemipelvectomy, trans-
femoral, knee disarticulation, and transtibial
locations, respectively. The decision to proceed
with amputation or limb salvage requires careful
consideration with regard to tumor treatment and
remission, function, and patient and family pref-
erences. The initial goals following surgery are
pain management, edema control, wound heal-
ing, prevention of contracture formation and ini-
tiation of radiation and/or chemotherapies.

Phantom sensation and phantom pain are
common when the nerves must be sacrificed or
are compromised during an amputation. Phantom
sensation is the feeling that the limb or part of the
limb is still present. For example, a child may
complain that their ankle itches on the side of a
transfemoral amputation. Having the child
scratch the corresponding area on the unaffected
limb may help alleviate the feeling noted. Gentle
reassurance and education for the child and fam-
ily regarding this phenomenon is all that is typi-
cally necessary.

Phantom pain is thought to be due to hyperex-
citability of the severed or injured nerve. It
presents as burning, cramping or aching dyses-
thetic pain in the amputated portion of the limb
and is more intense at night (Dillingham et al.
2002). Multiple interventions have been described
in the literature for relief including medications
such as gabapentin, anticonvulsants, tricyclic
antidepressants, and nerve blocks. Modalities
such as transcutaneous nerve stimulation may be
helpful as well as massage and different types of
tactile stimuli to desensitize the limb. The desen-
sitization techniques should optimally be per-
formed for 20-30 min three times a day as
tolerated by the skin and scar (Ganz et al. 2008).
Phantom pain should be differentiated from
stump pain due to a neuroma or scar entrapment
of the nerve. The pain is similar in nature, but is
often elicited by tapping over the affected nerve.
Anesthetic blocks in the area and scar massage
may be helpful. Musculoskeletal pain is typically
managed with scheduled opiates or nonsteroidal
anti-inflammatory drugs (NSAIDs). However, it
should be remembered that NSAIDs may delay
bone healing, which is especially relevant

with rotationplasty and limb salvage surgery.
Controlling the pain and residual limb edema
facilitates range of motion exercises and manipu-
lation of the residual limb. These activities help
prevent contracture formation. Contractures are
not fully reversible and significantly impair long
term function. It is critical to begin mobilization
as early as possible.

Preparation of the residual limb for a pros-
thetic device begins as soon after surgery as pos-
sible. The goal is to have a limb which is tapered
with a cylindrical shape; has a mobile, nonadher-
ent, well-placed suture line; and is tolerant of
external pressure. These features may be achieved
with a removable, rigid or semi-rigid post-
operative dressing, ace wrapping or shrinkers
(see Figs. 10.1 and 10.2). These pressure dress-
ings help to decrease edema and pain. The skin
should be checked frequently for any signs of
breakdown or infection and the dressings must be
changed frequently as the limb remodels. Care
must be taken when applying ace wraps so that
there is a gradient with the highest pressure dis-
tally and the lowest proximally. Typically, shrink-
ers are not used until the surgical incision is
well-healed and staples/sutures are removed

I

Fig. 10.1 Fabric shrinker for a transfemoral amputation.
There is a pressure gradient to move the fluid from the
distal tip proximally
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Fig. 10.2 A removable semi-rigid post-operative dress-
ing. This is placed immediately post-operatively to assist
with wound healing, molding of the residual limb, pain,
and early mobilization

because there is significant shear across the inci-
sion when donning or doffing the shrinker.

Preprosthetic training begins as soon as surgi-
cal clearance is given and continues until pros-
thetic fitting is completed. Prosthetic fabrication
and fitting ideally should be completed within
4-8 weeks after surgery. Early prosthetic fitting
in the upper limb is important, because prosthetic
acceptance declines if fitting is delayed beyond
the third postoperative month (Fleming et al.
1999). Unfortunately, prosthetic fitting is often
delayed in the oncology population due to
delayed wound healing secondary to radiation
and chemotherapies. So et al. reported a median
of 230.5 days until definitive prosthetic fitting in
their study of children who had rotationplasty of
the knee and required chemotherapy (So et al.
2014). Preprosthetic training helps the child and
family transition to prosthetic use and maintains
motivation.

Amputation results in a loss of body symme-
try, which creates imbalances around the shoul-
der girdle in transhumeral amputees and around
the pelvis with lower limb amputees. Balance in
sitting, standing and walking must be relearned.
In addition, there may be muscle imbalances
around the proximal joint depending on the level
of the amputation.

In the upper limb this imbalance results in
shoulder elevation and scapula rotation on the
affected side. In the lower limb, the anterior

superior iliac spine is higher on the affected side
and the center of gravity is laterally displaced
over the unaffected side. Abnormal and compen-
satory patterns of movement must be evaluated
and adjusted as needed. Patients begin to relearn
body position with observing and correcting
static postures in the mirror. The amputee is
encouraged to use muscle memory to relearn
correct postural and limb positioning control
(Ganz et al. 2008). As residual limb mobilization
progresses, training is focused on recognizing
the abnormal postures and positioning that occur
with basic ADLs and mobility.

In upper limb amputees, ADLs are mastered
with one hand and, when appropriate, with the
use of adaptive equipment such as a reacher, sock
aide, long handled sponge, and a rocker knife to
cut meat. The child progresses from indepen-
dence with basic hygiene to the advanced ADLs
as age appropriate. Hand dominance is retrained
when necessary, especially with handwriting and
keyboarding. Repetitive tasks can be used for
strengthening. These tasks include fine motor
exercises with pegs, beads and theraputty, as well
as gross motor exercises with equipment and mir-
rors. Isometric exercises are effective in creating
muscle bulk for stabilization of the limb in the
socket of the prosthesis if the residual limb is
long enough. The stability of the prosthesis
depends on both the bulk of the stabilizing
musculature and the child’s ability to voluntarily
vary residual limb configuration. Because bal-
ance is the often disrupted in a new amputee, the
goals should include strengthening of the trunk,
core, and lower limbs using isometric exercise
and aerobic training. For the child with a trans-
humeral amputation, active assisted range of
motion (AAROM) should be done daily at the
shoulder. For the child with a transfemoral ampu-
tation, maintaining range of motion at the hip is
critical and for the child with a transtibial ampu-
tation, range of motion must be aggressively pur-
sued at the hip and the knee. The knee is typically
kept in full extension except when in therapy.
The loss of range of motion and subsequent con-
tracture has significant impact on the fit of the
prosthesis and the function of that limb. Bed
mobility and getting up from the bed to a chair
should begin on post-op day 1. A physical thera-
pist can then begin working on sitting, standing,
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Fig.10.3 A rotationplasty uses the
intact foot and ankle to create a functional
knee join

and ambulation skills. For the lower limb ampu-
tee, training is also needed in the use of a wheel-
chair and any assistive devices such as a walker
or crutches. In addition, a tub bench is generally
recommended for showering, given the residual
balance difficulties and levels of fatigue.

Children with tumor involvement of the knee
may decide to undergo rotationplasty in which
the tibia with the attached foot and ankle are
rotated 180° and attached to the femur (see
Fig. 10.3). The ankle then takes on the role of the
knee joint. The upper leg initially must be immo-
bilized to allow healing of the osteotomy site.
Range of motion at the ankle to increase plantar
flexion and muscle re-education of the ankle is
started once there is adequate soft tissue healing.
To achieve “knee” extension, the child must plan-
tarflex the ankle and to achieve “knee” flexion,
the child must dorsiflex the ankle. Full weight-
bearing may be initiated once there is complete
healing of the osteotomy site. The initial prosthe-
sis often allows room for the foot to extend out-
side of the socket and bypasses the knee so that
knee flexion is not allowed. As the flexibility of
the ankle improves, the foot can be contained
within the prosthesis (So et al. 2014). Over time,
patients can learn these skills quite effectively
and even be able to run.

#‘F—

Describing the planned prosthesis, premyo-
electric testing and training, and defining the
prosthetic expectations of the child and family
are all important tasks for the team during the
pre-prosthetic period. If a myoelectric prosthe-
sis is being considered, early site testing and
training are needed. The residual limb is evalu-
ated by a specially trained occupational thera-
pist for the best sites for placement of the
electrodes. The occupational therapist needs to
work closely with the physician and prosthetist
in the design of the socket and optimal elec-
trode site placement. Motor training is done to
increase muscle activity at specific sites using
biofeedback. This training may be very difficult
in the short trans-humeral amputee due to the
paucity of muscle and may change if there is
muscle atrophy from radiation therapy. Once
isolated movements are mastered, proportional
control of the muscle is learned, which controls
the speed and force of the prosthetic move-
ments. Advances in prosthetic design have
improved hand functionality through myoelec-
tric control with individual actuation of the
fingers. In addition, research continues in
developing an interface between the brain and
the prosthesis which can bypass the need for
muscle activation of the electrodes.
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The child and family should be taught the
names of the prosthetic components in the
planned prosthesis.

Teaching includes individual components,
such as the figure-of-eight harness, cable, elbow
unit or elbow hinge, wrist unit, terminal device,
hook or hand, socket, knee unit, and foot. The
type of suspension should be reviewed and the
indications for socks to improve fit and allow for
growth in the socket. Once the prosthesis arrives,
these areas should be reviewed as well as the
expectations of the child/adolescent with a new
limb loss and the family. Often these expecta-
tions for function are unrealistic, especially in
the upper limb. It is helpful to reinforce the
supportive roles the prosthesis will play in cos-
mesis, gross task and object stabilization, push,
and assistive function. A child’s acceptance of
the prosthesis is significantly impacted by the
family’s opinion of the prosthesis. In addition,
care for the residual limb, care for the prosthesis,
and potential pitfalls with the prosthesis such as
pistoning and misalignment should be reviewed
with the child and family.

Each prosthesis is unique and customized to
the individual’s needs and body habitus. There
are four categories of upper limb prosthetic sys-
tems: the passive system, the body-powered
system, the externally powered system, and the
hybrid system. There are two categories of
lower limb prosthetic systems: the passive sys-
tem and the body-powered system. Each child’s
functional goals, extra-curricular activities and
lifestyle, geographic location, anticipated envi-
ronmental exposures, access to prosthetists for
maintenance, and financial resources need to be
considered in choosing a system. A passive sys-
tem is primarily cosmetic and often used with
forequarter amputees as a stabilizer, for exam-
ple. A passive system is fabricated for the child
who does not have enough strength or move-
ment to control a prosthesis or uses a prosthesis
only for cosmesis. A body-powered system
prosthesis uses the child’s residual limb strength
and range of motion to control the prosthesis.
An externally powered system uses an outside
power source such as a battery to operate the
prosthesis. A hybrid system combines the body-
powered system and the externally powered sys-

Fig. 10.4 An example of a hybrid system is a body-
powered elbow joint with an externally powered terminal
device

tem. An example of a hybrid system is a
body-powered elbow joint with an externally
powered terminal device (see Fig. 10.4).

A short transhumeral amputation which
occurs proximal to the insertion of the deltoid
muscle is a prosthetic challenge. Body-powered
control is achieved by scapular motion with
assistance from the humerus. In this case, strength
and leverage are reduced and cable-powered
prosthetic control is severely limited. Up to 5 in.
of total excursion of scapular motion is required
to open the terminal device with the elbow in the
fully flexed position (Bray 1989). A transhumeral
prosthesis uses two control cables. One of these
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cables flexes the elbow and operates the terminal
device. The other cable is used to lock and unlock
the elbow. Shoulder flexion applies tension to the
cable, causing the elbow to flex and the terminal
device to open or close depending on how it is set
up. To lock the elbow in flexion, the shoulder
joint must be extended and abducted at the same
time. A “figure-of-eight” body harness can be
worn with a transhumeral prosthesis so that the
contralateral shoulder can assist to operate the
cables and give the child more power and control
of the prosthesis.

The cables are eliminated in myoelectric
prostheses. They are more comfortable, have a
more natural appearance, and provide more pre-
cise hand functions with much less effort as
compared to body-powered prostheses. However,
they tend to be heavier. Suction suspension is
possible for the transhumeral level if the residual
limb is long enough. The subsequent decrease in
harnessing decreases the load on the contralat-
eral axilla. This can reduce the pressure on the
contralateral brachial plexus and joints, enhance
proprioception, and improve myoelectric con-
tact. Research is now investigating prosthetic
implants similar to the dental implants currently
in use which would eliminate the need for har-
nessing and external suspension systems.
Suction suspension is usually not possible in
residual limbs with recent skin grafts, exces-
sively bulbous distal ends, excessive redundant
tissue, or significant adherent distal scarring
which is painful.

Lower limb prostheses are not as complex
since the fine motor manipulation required of
the upper limb is not a factor in the lower limb.
However, due to the weight-bearing and
constant impact forces through the lower limb,
the prosthesis and the joints must be durable,
lightweight, and have adequate suspension.
Table 10.1 lists some of the prostheses avail-
able for the different levels of amputation seen
in the population. Functionally, children with a
rotationplasty or a transtibial amputation do
very well. Energy expenditure to walk the same
distance as peers without an amputation
increases by only 7 %. This increases to 25 %
in the transfemoral group (Waters and Mulroy
1999). With age, the energy expenditure differ-

ence will increase between the amputee group
and the non-amputee group.

10.3.2 Limb Salvage

Limb-sparing procedures have become possible
because of advances in imaging, reconstructive
surgery, microsurgery, chemotherapy and radia-
tion therapy. As these procedures became more
widely utilized by the 1970s, they replaced surgi-
cal amputation in preference (Marcove et al.
1970). Upper and lower limb characteristics are
different and must be kept in mind when consid-
ering the optimal surgical intervention. Since the
upper limb is non-weight-bearing and tumors
typically present in the proximal humerus for
example, distal function can be maintained even
with significant sensory impairment following a
limb-sparing procedure. Interestingly, the litera-
ture does not show a significant difference in
quality of life or functional outcomes between
limb salvage and ablative surgery groups with
malignant bone tumors of the lower limb
(Bekkering et al. 2012).

Research has demonstrated that the 70-85 %
of malignant tumors treated by limb salvage do
not have a significantly different oncologic result
(Van Hoesel et al. 2003). The goal is to preserve
function, prevent tumor recurrence, improve cos-
mesis, and enable the rapid administration of
chemotherapy or radiation therapy. Initial endo-
prosthetics replaced the involved bone entirely.
Advances in technology now offer expandable
and modular options. These are particular helpful
in children who are still growing.

The complication rate is much higher after
limb salvage than after amputation in the oncol-
ogy population and must be a factor in their reha-
bilitation plan. Early complications include
infection, wound necrosis, and nerve injury. Late
complications include aseptic loosening, pros-
thetic fracture and dislocation, and graft non-
union (Benevenia et al. 2004).

Frieden et al. reported that early mobilization
and gait training in addition to periodic hospitaliza-
tions for lengthening of the prosthesis were some
of the important factors for successful rehabilita-
tion (Freiden et al. 1993). In 2013, Shehadeh et al.
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Table 10.1 Prosthetic options for the different levels of amputation

Level of amputation Prosthesis Functional capabilities Other considerations

Forequarter Sculpted insert None Provides symmetry at the
shoulders to improve fit and drape
of clothing

Forequarter/shoulder Lightweight passive ~ None Provides balance to the trunk and

disarticulation prosthesis cosmesis

Forequarter/shoulder Hybrid forequarter =~ Myoelectrics may control Very heavy and bulky The size of

disarticulation prosthesis the elbow and/or the hand or the socket needed for suspension

a cable system may be used tends to trap heat in the trunk.
to control the hand (terminal
device)
Proximal transhumeral Myoelectric Myoelectrics give elbow Very heavy and bulky
prosthesis flexion and extension and
can power the hand for grip,
pronation and supination.
Shoulder flexion and
extension are often limited
by the length of the
amputation and if the deltoid
is present and usable
Proximal transhumeral Body powered Uses a cable system (often 2 Lighter than the myoelectrics, but
prosthesis cables) to control the elbow requires good contralateral strength
and the terminal device

Proximal transhumeral Hybrid prosthesis Provides battery powered Often combines a myoelectric

elbow flexion and extension. elbow with and a cable driven

The individual will open and terminal device

close the terminal device

using contralateral shoulder

movements with a cable

system

Hemipelvectomy Hemipelvectomy Provides support for Alignment must be carefully

socket with anterior  standing, transfers and adjusted to prevent the prosthetic
hip joint, knee joint ~ walking knee from buckling. Prosthetic side
and SACH (solid should be shorter in length to allow
ankle cushion for clearance when swinging the
heel) foot leg in walking

Transfemoral Quadrilateral or Can walk independently Energy expenditure may increase

Knee disarticulation

Transtibial (below knee)

Ischial containment
socket with
prosthetic knee and
either an energy
storing foot or a
SACH foot

Socket with a
prosthetic knee and
either an energy
storing foot or a
SACH foot

BKA prosthesis with
either an energy
storing foot or a
SACH foot

though speed will be
decreased

Walks without difficulty,
though cadence may be

asymmetric, Walking speed

will be slower.

Walks without difficulty, but

mild increase in energy
expenditure of 7 %

from 25-87 % for walking

Knee height may be difficult to
match due to the size of the
prosthetic knee

Active children tend to prefer the
energy storing foot which provides
better push off

The child’s size and strength will determine if myoelectric prostheses are an option. The myoelectric prosthesis is heavy
and bulky as well as expensive
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published a standardized approach to rehabilita-
tion of the individual undergoing limb sparing
surgery for sarcomas (Shehadah et al. 2013). He
noted improvement in patient outcome as mea-
sured by the Musculoskeletal Tumor Society-
International Symposium on the Limb Salvage
(MSTS-ISOL) scoring system. Although the
MSTS has some limitations in evaluating function
and physical activity, a standardized approach to
therapy based on the surgery performed and the
site and size of the tumor is warranted.

For the child who has undergone surgical inter-
vention involving the proximal humerus or the
shoulder girdle, initial treatment should include
immobilization of the shoulder to allow the grafts
and prosthetic to heal. Exercises for the hand and
active assisted range of motion (AAROM) of the
elbow can be initiated. Full elbow extension
should be avoided to protect the insertions of the
elbow flexor musculature. Strengthening and
active range of motion (AROM) of the trunk and
the non-operative limbs should also be instituted
to prevent deconditioning. Performing basic ADLs
such as brushing teeth, combing hair and washing
the face with the unaffected upper limb can bring
some normalcy and independence to the daily rou-
tine. Functional activities such as feeding oneself,
handwriting and keyboarding as well as fine motor
skills should be assessed and occupational therapy
initiated if there are deficits and especially if the
dominant hand is affected. After post-op day 10,
the sling can be removed to allow for gentle
Codman exercises. Active hand and elbow
strengthening should proceed, but postpone full
elbow extension exercises until after week 4. If
there has been scapular replacement, then com-
mence scapulothoracic movement exercises after
week 4. ADLs such as dressing and bathing should
be addressed within the second week post-op.
Modifications in technique can be taught and the
need for adaptive equipment such as a reacher or a
long handled sponge assessed. If the wound has
not healed sufficiently or other medical concerns
such as an accessed port arise, bathing in a tub or
shower may need to be postponed. The sling may
be discontinued after week 6 and AAROM of the
shoulder begun (Shehadah et al. 2013). Serletti
et al. using the Enneking Outcome Measurement
Scale, reported the functional outcome as “excel-

lent” or “good” in greater than 70 % of the patients
who had reconstruction after resection of limb sar-
comas (Serletti et al. 1998).

In the lower limb, a similar progression with
initial immobilization of the affected joint fol-
lowed by strengthening and weight bearing is indi-
cated. Tables 10.2, 10.3, and 10.4 list the
progression in assessment, rehabilitation and edu-
cation for the lower limb sparing surgical proce-
dures. Multiple studies have demonstrated long
term impairments in the child’s gait, strength,
ADL performance, and ability to progress from sit
to stand (Gerber et al. 2006; Beebe et al. 2009).
The deficits in strength were oftentimes noted in
bilateral limbs and did not necessarily involve the
operative field area. Gait speed was significantly
slower and there was increased time spent in
stance phase on the side which had not had sur-
gery. Range of motion tended to be reduced at the
hip and knee in children with tumors presenting in
the distal femur and proximal tibia (Beebe et al.
2009). This finding supports the need for ongoing
functional assessments and therapeutic interven-
tions. In a separate study of physical activity, Gotte
et al. noted significantly lower physical activity in
children with bone tumors hospitalized for chemo-
therapy compared to children with other types of
cancer. They spent the majority of their time in bed
while in the hospital. An exercise program was
recommended during these hospital stays to
improve wellness and prevent deconditioning and
secondary complications (Gotte et al. 2014).

10.3.3 School and Community
Re-entry

Careful planning and education regarding school
and community re-entry should be completed
prior to discharge from the hospital. Chemotherapy
and risk of infection may preclude a child from
attending school routinely. It is strongly recom-
mended that the child have some interaction with
his or her peers for socialization and emotional
support. This may be through on line schooling,
video conferencing or sharing of written work.
Often, the child will benefit from tutors from the
school in the home setting when they are not able
to attend. Some school districts may also provide
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therapy services while the child is on home
instruction such as speech therapy, occupational
therapy and physical therapy to work on school-
related ADLs and mobility. The impairments are
assessed through a multi-factored evaluation
(MFE) completed by the school and any accom-
modations are written in an Individualized
Education Plan (IEP) which is discussed with and
agreed upon by the school and the family. Typical
accommodations may include extra time for test
taking and completing homework, a scribe or
copy of class notes if handwriting is impaired, an
extra set of books to be kept at home, extra time to
get from class to class, adaptive physical educa-
tion, assistance in the cafeteria, use of the elevator
in a multi-level building and accessible transpor-
tation with door to door service. When the child
returns to school, a wheelchair for longer dis-
tances may be indicated due to fatigue and/or
weakness. In the classroom, they may be able to
maneuver with a walker, crutches or independent
of an assistive device. If possible, a trip to the
school prior to starting classes can alleviate anxi-
ety and help with learning how to navigate within
the school setting. In addition, a chance to interact
with peers and tell their story can help alleviate
the awkwardness of explaining where they have
been and any differences which their peers may
notice. See Chap. 12 for a more detailed discus-
sion of the psychosocial needs of children with
malignant bone tumors.

When feasible, community outings while in
the hospital are helpful in teaching children and
adolescents how to navigate different terrains,
cross streets, maneuver through the public, and
advocate for themselves. The first time out with a
wheelchair or assistive device can be very diffi-
cult. In addition, any physical changes such as an
amputation or hair loss can be devastating to the
individual. Therapeutic recreation (TR) special-
ists and psychology are particularly helpful in
these areas. In addition, TR specialists should
also investigate the child’s leisure and recre-
ational interests. There may be certain restric-
tions initially, but many activities can be adapted.
Providing a list of recreational options, resources,
and education regarding adapted sports is benefi-
cial for both the child and family.

10.4 Functional Impairments
Related to Chemotherapy

Chemotherapy is nearly universally utilized in
bone tumors and side effects from these treatments
can lead to functional impairments. Vincristine has
been shown to cause an axonal sensorimotor
peripheral neuropathy that often manifests first
with ankle dorsiflexion weakness and foot drop. In
the setting of lower limb amputation, foot drop and
sensory impairment in the unaffected limb can lead
to much greater mobility impairment. The intact
limb has greater weight bearing requirements than
the prosthetic limb and provides essential sensory
feedback in the form of proprioception and light
touch sensation. A similar effect is seen in gait
training after limb salvage surgery given the
increased requirements on the intact limb and asso-
ciated weakness and sensory impairment. Bracing
with an ankle-foot orthosis (AFO) to provide sup-
port and promote heel strike is often necessary.
Additional peripheral neuropathy symptoms such
as neuropathic pain, hand weakness and constipa-
tion secondary to autonomic neuropathy can also
be seen with vincristine therapy. These can all limit
mobility and age appropriate participation in activ-
ities of daily living.

Cisplatin has been associated with hearing loss
(Podratz et al. 2011) and sensory peripheral neu-
ropathy. Hearing loss can lead to delays in speech
and language development in younger patients.
The sensory peripheral neuropathy is due to
induction of apoptosis in dorsal root ganglion sen-
sory neurons. Symptoms can worsen after
Cisplatin has been discontinued in a phenomenon
known as “coasting.” Despite having adequate
strength for ambulation, patients with sensory
peripheral neuropathy can have profoundly
impaired gait secondary to loss of proprioception
for limb position and poor light touch sensation.

Doxorubicin can lead to decreased left ven-
tricular function and chronic cardiomyopathy,
which can cause poor endurance and exercise tol-
erance. Amputee gait requires significantly
increased energy as compared to non-amputees
and cardiomyopathy can limit walking distances.
For those patients with higher levels of function,
cardiomyopathy may limit sports participation.
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10.5 Aging Following Limb
Salvage or Acquired
Amputation

A number of chronic complications can present
after the initial phase of rehabilitation is complete.
When amputations are performed in the skeletally
immature child, alterations in bony growth can
present obstacles. Terminal overgrowth occurs
when bone is transected through the metaphysis or
diaphysis. The distal aspect of the long bone that
was transected continues to grow and often
becomes quite sharp. This can lead to soft tissue
pain, poor prosthesis fit requiring socket modifica-
tions, bursa formation and even piercing of the
skin. Surgical intervention is required in approxi-
mately one half of these cases (O’Neal et al. 1996).
As the child continues to grow, additional resec-
tion procedures may be needed. Each procedure
leads to relative shortening of the residual limb
and decreased production of mechanical torque
during ambulation or upper limb activities. For
these reasons, joint disarticulation is sometimes
preferred as the epiphysis is preserved and termi-
nal overgrowth does not occur.

Linear growth in a child with amputation will
eventually produce significant leg length discrep-
ancy unless prosthetic adjustments are made.
This leg length discrepancy leads to altered gait
mechanics and decreased efficiency. While pros-
thetic components can be somewhat modified for
growth, limits are quickly reached and frequent
fabrication of new prostheses are required during
the growing years. Endoprosthetic components
are typically adjusted when a 1 cm limb length
discrepancy is noted.

In prosthetic gait, weight is shifted to the
intact limb in a greater proportion (Norvell et al.
2005), leading to greater forces on joints in that
limb. Higher rates of knee osteoarthritis have
been observed in the contralateral limb of ampu-
tees compared to rates in the general population
(Norvell et al. 2005). Anticipatory guidance and
screening exams should be provided including
discussions regarding proper prosthetic align-
ment, maintaining a healthy body mass index and
potential use of handheld assistive devices such
as canes.

Long-term follow-up in patients who have
been treated for bone tumors provides data
regarding function, level of education attained,
employability and income. Marina et al. reported
functional outcomes in survivors of extremity
sarcoma after 20 years or greater using data from
the Childhood Cancer Survivor Study. It was
demonstrated that long term limitations in activi-
ties such as carrying groceries up stairs and
walking short community distances became
more prevalent as patients aged. These activity
limitations were more common for patients with
lower limb amputations than upper limb amputa-
tions. Higher level lower limb amputation was
also associated with increased activity limita-
tion. Patients with upper limb amputations were
less likely to graduate college than those with
lower limb amputations. Those patients with
limb sparing surgery had the highest college
graduation rates. Patients with amputation had
higher unemployment rates than those not
treated with amputation. These rates remained
fairly stable as patients aged. It was also found
the annual income of less than $20,000 was most
common in patients with lower limb amputation
and the proportion of patients in this income
class increased with age.

While survival rates for bones tumors have
increased in the past 30 years (Esiashvili et al.
2008; Ognjanovic et al. 2009), there remains a
subset of patients for whom it is clear that there is
a poor prognosis for survival. Despite decreased
expected life span, a focus on function and qual-
ity of life during this time period remains para-
mount. The rehabilitation team can be helpful in
determining patient and family functional goals
and in helping to set realistic expectations. One
must consider the amount of effort and time
required to achieve certain functional goals.
Those goals that have not been achieved such as
efficient ambulation or upper limb prosthetic
mastery can improve short-term quality of life
but often come at a cost. The energy, time and
potential frustration required to achieve these
goals may outweigh their benefits. For example,
manual wheelchair use may be preferable to
lower limb prosthetic ambulation given decreased
energy consumption and less time required for
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training. Each case must be considered separately
in order to properly apply the values of the child
and family to their unique medical and psychoso-
cial setting.
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11.1 Introduction

When a child is diagnosed with cancer, it often
produces an overwhelming emotional response
that tends to run the gamut of emotions from
shock and denial to anger and anxiety. But that is
usually just the beginning and parents don’t real-
ize the magnitude of the journey on which they
are about to embark with their child. A multitude
of medical tests and consultations are typically
needed to determine a definitive diagnosis, an
accurate staging, and a course of treatment. There
will be numerous cycles of treatment and evalua-
tions that encompass clinic appointments, infu-
sion appointments, and many faces and names to
remember. Even as patients and their families are
facing one of the greatest challenges of their
lives, they will be asked to navigate a complex
healthcare system while coordinating the multi-
ple treatment plans their child will face (Wilcox
and Bruce 2010). The oncology nurse navigator
(ONN) plays a vital role in caring for and navi-
gating the bone tumor patient and family from
the very onset of diagnosis. The ONN provides
comfort and support, as well as reinforces and
explains the information provided by the physi-
cian (Pearson 2009). The ONN becomes the sin-
gle point of contact from the first day they are
contacted by the bone tumor team throughout the
disease continuum, providing patients and fami-
lies with a familiar individual which can help
reduce their anxieties. The ONN can provide
necessary educational information to the patient
and family over time, allowing them to truly
understand and process all the information as it is
received (Pedersen and Hack 2010).

Finding out your child has cancer is a terrifying
experience. Your world as you know it stops.
Having a nurse navigator along our journey helped
us through each day. If I had a question, day or
night, she was there. The always calming advice
she gave or the nudge I needed to get my child to
the ER when I was trying to decide if she needed to
go, might have saved her from serious health
issues. The love that came from her heart, the
smiles that she shared and the compassion showed
through when she left the room, and my daughter
would say, “mom, I love her so much.” Our Nurse
Navigator made our daughter’s day brighter. We
are thankful for that. Without her, I couldn’t have

managed to keep track of all of her treatments,
appointments, medications, and all the information
needed to care for my daughter without her help.
The daily calendars she made for us showed us the
way. She was our safe place. She provided us with
the education and understanding along the way and
even today as we face each day trying to live our
lives beyond cancer. She carried us through some
of the darkest days of our lives and we are eternally
grateful. She will be in our hearts forever, along
with many others we met along the way in our can-
cer journey. (Mother of 16 yo osteosarcoma
patient)

11.2 Role of the Oncology Nurse
Navigator

The ONN serves as a single point of contact for
patients and their families throughout their entire
cancer care experience and, most importantly, is
an advocate and personal care coach on the
patient’s behalf (Francz 2014). The navigator
functions as an advocate for the patient and pro-
vides education to the patient and their family
regarding their disease process, treatment and
side effect management, and treatment options.
Navigators facilitate communication and act as a
liaison with the healthcare team on behalf of the
patient (Francz 2014; New 2014).

The patient navigation concept was intro-
duced by Harold P. Freeman, MD, and imple-
mented in 1990 at Harlem Hospital in New York
(Wilcox and Bruce 2010). The goal of the pro-
gram was to reduce or eliminate cancer dispari-
ties in the poor and underserved populations that
bear a heavier burden of cancer (Wilcox and
Bruce 2010; Brown et al. 2012; Pedersen and
Hack 2010). Freeman’s original patient navigator
program launched a national movement (Wilcox
and Bruce 2010). Many different types of oncol-
ogy nurse navigator programs exist such as dis-
ease specific or general. The oncology nurse
navigator’s degree of educational preparation
varies at each individual program’s needs (Wilcox
and Bruce 2010).

In 2012, the American College of Surgeons
Commission on Cancer (CoC) released new stan-
dards that reflected the goal of ensuring patient-
centered care. One of these new standards that
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will be initiated in 2015 requires that accredited
cancer centers have a patient navigation process
in place (Society 2013).

The Oncology Nursing Society (ONS) recog-
nized the need to clarify the role and core compe-
tencies for the many oncology nurses who
identified their primary role function as naviga-
tion of the oncology patient. Out of this need, the
ONS developed Oncology Nurse Navigator Core
Competencies that are intended to describe the
fundamental knowledge and skills that an ONN
should possess. These competencies are meant to
reflect many practices and settings across the
cancer continuum and were released in 2013 by
the ONS (Society 2013).

The Oncology Nurse Navigator Core
Competencies  include  four  competency
categories:

Category 1: Professional Role: The ONN dem-
onstrates professionalism within both the
workplace and community through respectful
interactions and effective teamwork. He or she
works to promote and advance the role of the
ONN and takes responsibility to pursue pro-
fessional growth and development.

Category 2: Education: The ONN provides
appropriate and timely education to patients,
families, and caregivers to facilitate understand-
ing and support informed decision making.

Category 3: Coordination of Care: The ONN
facilitates the appropriate and efficient
delivery of healthcare services, both within
and across systems, to promote optimal out-
comes while delivering patient-centered
care.

Category 4: Communication: The ONN demon-
strates interpersonal communication skills
that enable exchange of ideas and information
effectively with patients, families, and col-
leagues at all levels. This includes writing,
speaking, and listening skills.

These detailed competencies can be
viewed at: https://www.ons.org/sites/default/
files/ONNCompetencies_rev.pdf

The oncology nurse navigator role simplifies
the complicated healthcare journey for the pedi-
atric cancer patient and their parents.

Benefits of ONN Role to Pediatric Cancer
Patients and Their Families

e Serves as a single point of access for all
patients and families. The navigator remains
an ongoing, consistent point of contact for
patients and families through the full contin-
uum of care.

* Supports patients as they move throughout
their pediatric cancer journey, from diagnosis
to treatment and through follow-up care.
Activities include facilitating communication
between inpatient and outpatient settings, spe-
cialty consultations, research, test scheduling,
and palliative or hospice care if necessary.
These services result in fewer delays in treat-
ments, improved communication between the
care team, and less confusion for patients and
their families.

e Provides valuable education to patients and
families regarding treatment, nutrition, and
financial psychosocial support.

* Helps to decrease hospitalizations, including
ER visits associated with complications in
care, by identifying complications sooner and
directing earlier interventions at the clinical
level.

e Assures access to established community
resources including support groups, housing
assistance, transportation, and financial
assistance.

* Assures access to assistance regarding access
to financial resources for patients and their
families with treatment-related costs, includ-
ing drugs.

¢ Provides emotional support that parents need
during and after treatment and assures con-
nection to supportive and psychosocial pro-
grams and initiatives.

*  Works closely with the research team to iden-
tify research protocols, assures adherence to
the protocols, and reinforces information
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about clinical trials with the patient and
family.

e Serves as a liaison with primary care
physician.

11.2.1 Multidisciplinary Team
Coordination
and Communication

The ONN is instrumental in communicating
across all barriers of the bone tumor patient’s
healthcare team. The navigator’s role not only
assists the patient and family but also members
of the team that may include the primary oncolo-
gist, advanced practice nurse, surgeon, orthope-
dic oncologist, social workers, psychologist,
physical therapist, inpatient and outpatient
nurses, radiation oncology team, home care
nurses, palliative care team, school liaison,
research team, discharge planners, and other
healthcare specialists. The navigator communi-
cates patient information through all team
members to provide seamless care for the patient
and family. Enhanced communication among
healthcare providers builds relationships within
the team and directly enhances patient care as all
work together to meet individual patient needs
(Wilcox and Bruce 2010). These can be accom-
plished during bone tumor biweekly to weekly
meetings where patients are discussed among
the team, identifying any barriers to care and
addressing needs. Research protocols are also
discussed in these team meetings. Another
source of communication is through email and
the electronic medical record (EMR). Most EMR
systems allows for routing of patient encounters
by phone or patient clinic visits. These encoun-
ters can be flagged for importance and follow-up
needed by a team member. The ONN routes tele-
phone encounters to team members as they occur
showing clear documentation of patient informa-
tion so team members can be kept up to date with
patient care concerns or issues.

11.3 Diagnostic Workup
11.3.1 New Patient Intake Process

If the new bone tumor patient is diagnosed
through an inpatient hospitalization, the inpatient
team notifies the bone tumor team. The bone
tumor team including the oncologist, practitio-
ner, and ONN meet with the patient and family
during their inpatient stay and discuss treatment
and arrange the diagnostic workup while they are
admitted. The new patient referral may also come
from an orthopedic oncologist, neurosurgeon, or
general surgeon. The referral is usually started by
a call from the surgeon to one of the bone tumor
oncologists or directly to the oncology nurse nav-
igator when the patient is in the surgeon’s office.
The ONN retrieves all patient information includ-
ing demographics, insurance information, office
visit note, and pathology report and arranges for
pathology slides and all scans completed to be
sent to the primary oncologist’s institution. The
patient information is reviewed with the oncolo-
gist and a diagnosis is determined. A review of
open bone studies or standard treatment regimens
is completed with the oncology practitioner for
required scans for staging. The ONN contacts the
family after verification that the diagnosis has
been discussed with the family from the original
surgeon’s office. The ONN introduces herself to
the family, giving them her contact number to
call with any questions and concerns.

Following this initial intake process, the
patient and families’ ability to travel to the
institution and their work schedules are assessed
by the ONN prior to arranging their staging
scans, medical tests for pretreatment, and initial
appointment with the oncology team. The ONN
answers any questions by phone and explains to
the patient and family the purpose and proce-
dures of all required tests prior to their arrival
to the institution. The ONN acts as a new
resource for the patient, and family. The ONN
listens, debriefs, offers support, and provides
information until their first appointment with
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the oncologist. If the new bone tumor patient is
a male teen, based on the family’s level of
understanding by the ONN, fertility preserva-
tion is discussed prior to the initial appoint-
ment, and if requested by the family, a referral
to a facility that specializes in sperm analysis
and enables cryopreservation and long-term
storage is made (see Chap. 5). Appointments
are made for required staging scans, electrocar-
diogram (EKG), and echocardiograms for pre-
anthracycline screening, as well as audiograms
for pre-cisplatin, and first consultation appoint-
ment with the oncology team. If applicable, a
urine collection kit is given for a 12 hour creati-
nine clearance evaluation along with instruc-
tions to bring this specimen to their surgery
appointment. The ONN reviews with the patient
and family the instructions of how to collect
and store. By bringing this specimen with them,
it facilitates initiation of chemotherapy after the
central line is placed and decreases the hospital
stay. Insurance information is relayed to the
prior authorization team and patient registra-
tion to assure timely prior authorization for new
patient scans and appointments. After review of
patient information with the oncologist, if
appropriate, the ONN contacts the research
team if the patient is eligible for an open study.
The goal of the team is to initiate therapy within
5-7 days of the initial referral.

11.3.2 Education on Diagnosis
and Central Line

During the patient and family’s first appoint-
ment with the oncologist, the family is given a
teaching notebook. The Children’s Oncology
Group Family Notebook is utilized as the teach-
ing guide for our patients and their families
(Murphy 2011). The notebook is tagged by the
ONN with specific information such as central
line, bone marrow aspirate and biopsy, spinal
tap, blood counts, and diagnosis description.
Team member cards as well as a sheet docu-
menting all team member names and phone
numbers are placed in the notebook. Helping

Hands (see Fig. 11.1) for each chemotherapy
drug and diagnosis pamphlets are placed in the
notebook. After the oncologist discusses treat-
ment, the ONN stays with the patient and family
and answers questions, reviews with the patient
what type of central line catheter they will
receive will look like, and explains how it is
accessed and utilized for treatment. The ONN
verifies that the family has the ONN’s contact
information in case they have further questions
or concerns.

The physical and emotional care information
that the family receives at the initial appoint-
ments can become very overwhelming. It’s the
role of the ONN to assess absorption of infor-
mation given at this initial appointment and
continually update and reteach families about
their child’s disease and treatment throughout
the care continuum (Heiney and Wells 1995).
Families are asked to bring their notebook for
all admissions to enable teaching throughout
treatment.

The bone tumor social worker is also notified
of the initial appointment and meets with the
family, completing an initial distress screening,
and gives them her contact information.

After the patient leaves their initial oncology
appointment, a referral is made to pediatric sur-
gery for central line placement, and biopsy pro-
cedure is discussed with the surgeon by the
primary oncologist. If indicated, a referral is
made to the hematology/oncology procedure
schedulers to add a bone marrow aspirate/biopsy/
spinal tap to the central line surgery date. All
efforts are made to combine all initial surgical
procedures.

From the first appointment with the bone
tumor team, family-centered care is initiated.
The foundation of family-centered care is the
understanding that the family is the true expert in
the care of their child and the primary source of
strength and support (Pearson 2009). It is
through constant contact with the oncology team
through the ONN that helps prepare and support
the bone tumor patient and their family to be
experts in their cancer care (Pearson 2009; Kelly
and Porock 2005; Wilcox and Bruce 2010).
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CHILDREN'S Helping Hand™

When your child needs a hospital, everything matters™

Doxorubicin, Adriamycin®, ADR, DOX
(For Hematology/Oncology Patients)

Doxorubicin (dox-oh-RUE-beh-sin) is a chemotherapy medicine prescribed by your child's
doctor. Itis given by IV infusion over 20 to 30 minutes or as a continuous IV infusion for
several days (Picture 1).

Dosage

® The amount of doxorubicin presctibed will depend on your
child's diagnosis, current weight, height, blood counts and
heart tests (EKG, ECHO).

® Doxorubicin is given on the days marked on the
chemotherapy roadmap (schedule).

Possible Side Effects

® Nausea and vomiting may occut in patients receiving
doxorubicin. This usually lasts up to 24 hours after
the medicine is given.

Picture 1 Receiving
= Heart muscle damage may occur with doxorubicin. IV chemotherapy.

® Mouth sores may occur 3 to 10 days after receiving doxorubicin.

® Ulcers (sores) in the throat or stomach may occur. They may cause pain with swallowing,
heartburn, abdominal pain, diarrhea and blood in stools.

= Urine color may turn pink or orange-red up to 48 hours after doxorubicin is given. This is
from the medicine, not from blood in the urine.

® Hair loss may occur 2 or more weeks after treatment begins. It is not permanent.
® Low blood counts occur 7 to 10 days after treatment.

* Your child might have tissue damage, irritation or burning of the skin surrounding tissue if
the medicine leaks out of the vein while it is being given. This is not likely if your child has a
central venous catheter (PICC, SIP, CVC).

® Increased skin redness at previous radiation therapy sites may occur.
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Fig.11.1 Teaching tools
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11.4 Treatment Initiation
11.4.1 Patient and Family Teaching

Prior to initiation of chemotherapy, the ONN
meets with the family and patient and reviews all
chemotherapy drugs, utilizing our institution’s
teaching tools called Helping Hands, the APHON
drug handouts, and the Children’s Oncology
Group Family Teaching Notebook. This hand-
book can be located at: http://www.childrenson-
cologygroup.org/index.php/cog-family-handbook.
All side effects are reviewed and a “when to call
and who to call” tool with side effects is commu-
nicated to the family. The ONN reviews the dis-
charge summary with the patient and family prior
to discharge with each new chemotherapy drug,
reinforcing side effects that may occur with each
new drug. This tool also documents how to reach
the ONN during office hours and the numbers to
contact the oncology fellow on call after office
hours and on the weekends. The ONN communi-
cates with family members that this document
may be good to keep on the refrigerator as a refer-
ence for anyone that may be responsible for the
care of the patient. For the bone tumor patient
receiving doxorubicin, the ONN discusses the
EKG and echocardiogram and reviews with them
when it will be repeated during treatment to assess
for potential side effects. Knowing up front that
these will be completed again tends to alleviate the
anxiety that may occur if they arrive for their next
chemotherapy admission that includes doxorubi-
cin and they are getting an EKG and echocardio-
gram. Parents tend to think something is wrong,
not that it is being completed to evaluate for side
effects. Repeat audiograms for the patient receiv-
ing cisplatin are also explained. If applicable,
treatment schemas are given to families to help
them understand the timing of admissions and
chemotherapy. Many patients and families utilize
the schema to document chemotherapy treatments,
as they mark off each one. This gives them some-
thing to look forward to as they can visualize an
end to their child’s therapy.

On the patient’s second admission or visit for
chemotherapy, the ONN reviews all lab values
with the patient and family, including chemistries,

complete blood count (CBC), and their urinaly-
sis. During this time, she teaches the patient and
family about their absolute neutrophil count
(ANC), showing them how to calculate it as well
as how it relates to the signs and symptoms of
neutropenia. For those patients receiving highly
emetic chemotherapy regimens, the ONN reviews
closely the value of the BUN and creatinine that
is completed and explains its ability to determine
hydration status.

11.4.2 Patient Calendar

An ongoing calendar is created by the ONN and
given monthly to help the patient and their fam-
ily with grasping where they need to be. This
calendar has become an effective teaching tool
in helping patients and families understand their
treatment schedule. Families frequently express
that the calendar is used to guide them in mak-
ing other family member appointments and
schedules. Several families have stated that it is
kept posted on the refrigerator at home so that
everyone in the family knows the schedule. For
the osteosarcoma patient receiving methotrex-
ate, this calendar also instructs them when to
hold or give their weekend Bactrim doses. The
ONN also documents when counts are low and
recovering on the calendar (see Fig. 11.2).
Because it is an editable word document, the
calendar allows for delays and can be updated
accordingly. The calendar is often shared with
other team members such as psychology and
social work so they are aware of the patient’s
upcoming appointments. The ONN also uses
this calendar to teach delayed emesis medica-
tion teaching, when to start and stop their medi-
cations. If pegfilgrastim, filgrastim, or home
care visits are being utilized, this is documented
on the calendar as well.

It is essential that families understand the
basics of their child’s disease; what to expect
from their chemotherapy, biotherapy, radia-
tion, and/or surgery; how to recognize adverse
side effects; what is considered an emergency;
and how to seek help (Lahl et al. 2008). They
also need to understand all required tests and
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Sun

Mon

Tue

Wed

Thu

Fri

Sat

Aug 31

Bactrim twice a
day

1

Admit for
Methotrexate at
9:00am in the
Infusion Center

4

Discharge
when
Methotrexate
level is low
enough

6

HOLD
BACTRIM

7

HOLD
BACTRIM

8

Admit for
Methotrexate at
9:00am in the
Infusion Center

10

11

Discharge
when
Methotrexate
level is low
enough

12

13

HOLD
BACTRIM

14

HOLD
BACTRIM

15

Admit for
Cisplatin/
Doxorubicin at
9:00am in the
Infusion Center

16

17

Discharge after
hydration
completed and
Neulasta
injection
completed

18

Take
Zofran/Decadron
twice a day

19

Take
Zofran/Decadron
twice a day

20
Take

Zofran/Decadron
twice a day

Bactrim twice a
day

Take
Zofran/Decadron
twice a day

Bactrim twice a
day

22
Clinic apt at
9:30am for labs
and a physical
STOP taking
Decadron and
change Zofran
dose to as needed
for nausea

23

**blood counts
getting low**

24

25

Check labs ata
close to home
center or local
lab

26

Orthopedic
Oncologist apt
at 9:30am

**blood counts
gelting lower**

27

Bactrim twice a

day

28

Bactrim twice a
day

29

Check labs at a
close to home
center or local
lab

**hlood counts
starting fo
improve**

30

Oct 1

2

Check labs at a
close to home
center or local
lab

**hlood counts
higher **

3

Pain Clinic apt
at 10:30am

4

Bactrim twice a
day

Fig.11.2 Patient treatment calendar

how to prepare for these tests, procedures, and
blood work, in their role in delivering support-
ive care. Each family is unique and it is the
responsibility of the ONN to effectively teach
the patient and family by using verbal, written,
and visual information that best meets their
learning needs. The initial teaching is over-
whelming, but the ONN has learned to go
through teaching slowly, utilizing review and
ongoing reinforcement, while allowing avail-

ability for questions. Most families are able to
rise to the challenge (Lahl et al. 2008; Garcia
2014).

11.4.3 Home Medication Teaching
Prior to discharge, the ONN meets with the

patient and family and reviews all home medica-
tions on their “Andrew’s medication list.” Each
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Andrew’s meds
Sucralfate (CARAFATE) 100mg/ml oral suspension

Purpose: for oral and esophageal irritation, pain.

Dose: 1,000mg, Take 10 ml by mouth every 6 hours for 14 days.

Gabepentin (NEURONTIN) 100mg oral capsule

Purpose: Neuropathic pain

Dose: 300mg, Take 3 capsules by mouth 3 times daily.

Oxycodone(ROXICODONE) Smg oral tablet

Purpose: pain

Dose: 7.5mg, Take 1.5 tablets by mouth every 4 hours as needed for breakthrough pain.

Zofran ODT (Ondansetron) 4mg oral tablet, rapid dissolve

PU!QOSCI anti-nausea

Dose: Take 1 tablet by mouth every 8 hour. Take 1.5 tablets twice a day for 2 days after
Cisplatin. May take up to every 6 hours as needed for nausea

Zantac (Ranitidine) 75mg tablet

Purpose: helps reduce acid reflux or heartburn

Dose: 150mg, take 2 tablets twice daily

Phenergan (Promethazine) 12.5mg oral tablet

Purpose: Anti-nausea medication

Dose: 12.5mg: Take 1 tablet by mouth every six hours as needed for nausea. This medication

may make you drowsy.

Bactrim (TMP-SMZ) 80-400mg oral tablet

Purpose: Prevent PCP pneumonia in patients receiving chemotherapy
Dose: 120mg: Take 1.5tablets twice daily on Saturday and Sunday only. Do NOT take on

weekends after you receive Methotrexate.

Miralax (Polyethylene glycol) 17 gram oral powder

Purpose: Laxative and stool softener

Dose: 17grams: Take 17grams by mouth as directed one time daily for constipation.

Lidocaine-Prilocaine (EMLA) 2.5-2.5% topical cream

Purpose: Numbs the port site prior to access

Dose: 2.5grams: Apply topically to port site 1 hour prior to access.

Meds to avoid: No motrin, naprosyn, or aspirin products. For non-narcotic pain relief use
Tylenol only. Do NOT use Tylenol for fevers without calling the hematology clinic or

hematologist on call first

Fig.11.3 Sample home medication list

home medication name, dose, schedule, and pur-
pose is listed on their medication list and reviewed
(see Fig. 11.3). If the ONN realizes that the
family is overwhelmed and anxious about the
home medications, he/she will create a
“MyMedSchedule” from the website: https:/
secure.medactionplan.com/mymedschedule/
index.htm. This is a free application that allows a
medication list with schedules that can be cre-

ated, listing all medications hourly for the family.
This application also shows a picture of the medi-
cation and can be created in English and Spanish.
It also can be utilized as an app on a smartphone
with medication due alerts and refill reminders.
There are several other sites that can be utilized
for medication teaching. Pill boxes can also be
used for adherence to drug regimens. All pre-
scriptions are verified with the bone tumor
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practitioner prior to discharge. The discharge
instructions and follow-up are created by the
ONN during each admission or visit to the clinic.
The discharge instructions are reviewed with the
patient and family. The instructions include side
effects of each chemotherapy drugs they received
and signs and symptoms of neutropenia, anemia,
and thrombocytopenia, and who to call and when
to call is clearly documented in the discharge
plan. The ONN utilizes the electronic medical
record to create “smart phrases” for each visit for
chemotherapy. The smart phrases contain the dis-
charge instructions and are shared with other
team members to promote consistency in the
information given to families.

11.4.4 Managing Treatment Side
Effects

11.4.4.1 Nausea and Vomiting

Nausea and vomiting are two of the most com-
mon side effects of chemotherapy and radiation
treatment. Nausea and vomiting can be anticipa-
tory, acute, or delayed (Lahl et al. 2008;
Rheingans 2008) There is a variety of tech-
niques to control nausea and vomiting. The
most common treatment is the utilization of

antiemetics. Treatment for nausea and vomiting
occurs before, during, and after chemotherapy
administration. Several categories of antiemet-
ics are used in children and young adults with
cancer (Lahl et al. 2008). There are also non-
pharmacological techniques that can be used to
aid in nausea and vomiting depending on their
age. Utilizing an engaged psychosocial team
that consists of child life (play) therapists, music
therapists, massage therapists, and psycholo-
gists may help the patient using music, play, dis-
traction, guided imagery or exercise to help
them overcome their nausea and vomiting (Lahl
et al. 2008).

Each patient’s antiemetic regimen is deter-
mined by the emetic potential of the chemother-
apy or radiation treatment (see Table 11.1).
Prevention of nausea and vomiting is always the
goal for patients. Staying ahead of the nausea and
vomiting produces better outcomes and a better
quality of life for the patient. The ONN teaches
the patient and family that treatment of nausea
and vomiting is comparable to effective pain con-
trol. If you don’t stay prepared and ahead of it, it
can spiral out of control and become difficult to
gain relief. If nausea and vomiting is not well
controlled on the first experience with chemo-
therapy, patients are more likely to experience

Table 11.1 Emetogenic risk of therapies used for malignant bone tumors

High risk Moderate risk Low risk Minimal risk
Carboplatin Cyclophosphamide <1 g/m? Docetaxel Bevacizumab
Cisplatin Cyclophosphamide (oral) Doxorubicin (liposomal) Dexrazoxane
Cyclophosphamide >1 g/m*>  Daunorubicin Etoposide Sorafenib
Dactinomycin Doxorubicin Gemcitabine Sunitinib
Methotrexate >12 g/m? Etoposide Methotrexate >50 to 250 mg/m>  Temsirolimus
Ifosfamide Nilotinib Vincristine
Irinotecan Paclitaxel Vinorelbine
Methotrexate >250 mg to 12 g/m?> Topotecan
Temozolomide
Vinorelbine
Multiple agent risk
Cyclophosphamide+
Doxorubicin
Cyclophosphamide+
Etoposide
Doxorubicin + ifosfamide
Doxorubicin+
Methotrexate

Etoposide + ifosfamide
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anticipatory nausea and vomiting (Baggott and
Association of Pediatric Oncology Nurses (U.S.)
2002).

For delayed emesis, patients and families are
instructed to utilize Zofran and Decadron twice a
day for 4 days after receiving chemotherapy
drugs that are highly or moderately emetic
regardless if they feel nauseated or not. They are
also instructed to utilize Phenergan or Ativan as a
breakthrough medication. Each patient’s gastro-
intestinal responses need to be evaluated individ-
ually with each chemotherapy administration so
their needs can be assessed prior to discharge and
through  post-discharge calls from the
ONN. Guidelines established by the National
Comprehensive Cancer Network (NCCN) -
NCCN Clinical Practice Guidelines in Oncology
for Antiemesis and the Pediatric Oncology Group
of Ontario (POGO) and the POGO Guidelines
for the Classification of the Acute Emetogenic
Potential of Antineoplastic Medication in
Pediatric Cancer Patients — are both resources
utilized by the bone tumor team in their approach
to the prevention of nausea and vomiting in chil-
dren receiving antineoplastic agents.

Anticipatory nausea and vomiting (ANV) can
occur any time after the first treatment, or some-
times even prior to the first treatment. The inci-
dence and severity are influenced by the patient’s
expectations of what is to come, as well as anxi-
ety about nausea and vomiting. ANV most often
begins within 2 hours before treatment and is
most severe at the time of administration (Baggott
and Association of Pediatric Oncology Nurses
(U.S.) 2002). Managing ANV is crucial in con-
trolling the patient’s nausea and vomiting
throughout their treatment. The patient’s environ-
ment is important in determining the relative fac-
tors to their ANV. Psychogenic factors such as
walking into the hospital, smelling particular
odors, or the sight of a syringe can trigger nausea
(Garcia 2014). Lorazepam administered at bed-
time the night before chemotherapy treatment
and again the following morning can diminish
the distress and reduce the incidence and severity
of anticipatory nausea and vomiting (Baggott and
Association of Pediatric Oncology Nurses (U.S.)
2002).

Triaging nausea and vomiting from home can
become frustrating for the patient and family. The
ONN instructs the family and patient who are
experiencing gastrointestinal toxicities to avoid
foods that are high in sugar, processed foods, and
fried or greasy foods. They are instructed to eat
small meals that are easily digested (crackers,
rice, toast, potatoes, or chicken) every 3—4 hours
and to avoid the kitchen area or areas where there
may be strong food odors. Pushing fluid intake in
small quantities every 20-30 minutes, eating pop-
sicles, slushies, or water are also techniques
taught to the caregivers. Families are also
instructed to utilize nonpharmocological inter-
ventions such as distraction, play, music therapy,
and guided imagery while at home. The ONN
teaches the patient and family to monitor for signs
of dehydration such as few or no tears when cry-
ing, a dry or pasty mouth, cracked lips, sunken
eyes, lack of energy, increased sleeping, dry skin,
and concentrated, dark urine (Murphy 2011). If
they have been unable to keep fluids down for
24 hours, are more lethargic, are urinating less, or
are vomiting their medications, they are brought
in to the infusion clinic or emergency department
for evaluation.

11.4.4.2 Anorexia

Anorexia and cachexia are two of the most com-
mon nutritional side effects from cancer and its
treatment. Factors contributing to anorexia may
include nausea, vomiting, taste aversion from the
chemotherapy or radiation treatments, anxiety,
depression, mucositis, increased sensitivities to
odors, and environmental changes (Lahl et al.
2008). Evaluation of the bone tumor patient’s
weight and oral intake at each visit is crucial dur-
ing treatment. The patient’s nutritional status is
evaluated at the beginning of therapy by placing
a consult to Clinical Nutrition Services. This
nutritional screening is an ongoing process that
must take into account patient weights, food
intake, treatment that affects nutrition, functional
status, physical examination, and lab results indi-
cating nutritional biomarkers such as albumin
and prealbumin levels. The initiation of Clinical
Nutrition Services early in treatment aids in pre-
venting malnutrition (Baggott and Association of
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Pediatric Oncology Nurses (U.S.) 2002).
Nutrition management may include diet modifi-
cations, oral supplements, enteral feedings, par-
enteral nutrition, and/or medications to stimulate
the appetite (Baggott and Association of Pediatric
Oncology Nurses (U.S.) 2002).

11.4.4.3 Mucositis

Mucositis is caused by acute changes in the epi-
thelium of the oral cavity resulting in the death
or rapidly dividing epithelia cells (Eilers and
Million 2007). Chemotherapeutic agents inhibit
the growth and maturation of oral mucosal cells
and disrupt the primary mucosal barrier in the
mouth and throat. These changes can occur as
early as 2-3 days after the administration of che-
motherapy and peak in severity 7-10 days later,
typically showing resolution within 2 weeks
(Wohlschlaeger 2004). Chemotherapeutic
agents that produce mucositis are listed in
Table 11.2.

Table 11.2 Agents causing mucositis

Alkylating agents Busulfan
Cyclophosphamide
Ifosfamide
Melphalan
Procarbazine
Temozolomide
Thiotepa
Anthracyclines Daunomycin
Doxorubicin
Idarubicin
Mitoxantrone
Antimetabolites Cytarabine
5-Fluorouracil
Hydroxyurea
Mercaptopurine
Methotrexate
Thioguanine
Antineoplastic antibiotics Bleomycin sulfate
Dactinomycin
Nitrosoureas Carmustine
Lomustine
Plant alkaloids Etoposide
Paclitaxel
Vinblastine

Vincristine

Oral mucositis is a frequent and potentially
severe complication following chemotherapy and
radiation. Not only is mucositis painful, but it can
also cause impaired nutrition, infection, and
treatment delays (Baggott and Association of
Pediatric Oncology Nurses (U.S.) 2002; Eilers
and Million 2007; Wohlschlaeger 2004).
Mucositis has the potential to directly impact a
patient’s quality of life. If it is severe, it may pre-
vent adequate oral intake of food and fluids and
the ability to take oral medications. It may some-
times lead to costly and unwanted hospitalization
for parenteral nutrition, intravenous medications,
andintravenous pain management (Wohlschlaeger
2004).

Due to the frequency of mucositis, teaching
oral care to the patient and family prior to the
beginning of their first chemotherapy treatment is
a nursing priority. Patient education and partici-
pation are crucial since most patients are dis-
charged after the completion of chemotherapy,
and the monitoring and management of oral care
and mucositis takes place at home (Eilers and
Million 2007; Baggott and Association of
Pediatric Oncology Nurses (U.S.) 2002). It is the
ONN’s role to provide and supervise ongoing
care and the triage of any complications after dis-
charge. It is the goal of the ONN to manage the
patient at home and avoid rehospitalization.

The first step of mouth care involves a thor-
ough assessment by the medical team and a con-
sult to dentistry prior to initiating treatment.
Ongoing oral mucosa assessment with each treat-
ment admission and prior to discharge allows the
medical team to identify early oral lesions
(Wohlschlaeger 2004). The second step is assess-
ing their current, pretherapy oral care regimen
and addressing any teaching needs or concerns.
Next, the ONN instructs the family on a daily
oral care regimen that includes brushing teeth
four times a day, after meals and before bedtime
with a soft toothbrush. Special instructions are
given to patients who drink a lot of high-sugar
sports drinks, requesting they brush after eating
foods high in sugar. Mouthwashes can be used,
but they should not contain alcohol. Parents and
patients are taught to inspect their mouth daily
for any signs of mucositis. They are instructed to
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Table 11.3 Food considerations regarding mucositis

General guidelines Recommended
1. Small pieces of food
2. Use straw with liquids

3. Nutritional supplements (e.g., boost,
scandishake, ensure)

4. Topical analgesics prior to eating
5. Mouthwash following meals

6. Avoid hot foods
water ice

look at the entire mouth: the lips, gums, tongue,
side of the tongue, under the tongue, cheeks, roof
of the mouth, and around the teeth. Avoiding
spicy, bitter, salty, or acidic foods is another pre-
caution for the patient (see Table 11.3). Keeping
the mouth moist by eating popsicles, ice chips,
slushies, smoothies, or cool fluids may also help
with oral mucositis.

Once the mucositis appears, pain is usually
the first limiting symptom. The patient and fam-
ily are instructed to continue with their current
oral care regimen but may add sodium bicarbon-
ate rinses (mixture of one fourth teaspoon salt,
one fourth teaspoon baking soda, 4 oz of water),
saline rinses or sterile water rinses every
1-2 hours, lip lubrication, and a mouthwash such
as Philadelphia Mouthwash, containing a mix-
ture of magnesium aluminum hydroxide, diphen-
hydramine, viscous lidocaine ,and water, that acts
as a numbing agent to help with swallowing
(Murphy 2011). They are instructed to take a pain
reliever and then 20 minutes later use the
Philadelphia Mouthwash to attempt at eating,
drinking, or taking their oral medications
throughout the day (Murphy 2011). Patients and
families are instructed to call if they are unable to
eat or drink secondary to the pain. While triaging
the patient, the ONN assesses for hydration sta-
tus; requesting volume of fluid intake, what does
their urine look and how often have they urinated,
is it less? Also, asking if the oral secretions are
thick, are there a lot of oral secretions, any
hoarseness or a “muffled” voice, any bleeding or
nausea and vomiting, and lastly any airway stri-
dor. If any signs of a compromised airway are
identified within triage, the patient is asked to
come in for evaluation, either to the outpatient

1. Tepid or cool liquids
2. Puddings, Jell-O
3. Cottage cheese, soft cheeses

4. Bananas, peaches, applesauce
5. Milkshakes, smoothies
6. Popsicles, ice cubes, Italian

Not recommended

1. Spicy, salty, bitter foods

2. Dry foods (crackers, toast, chips)
3. Oranges, grapefruits, citrus fruits

4. Chewing gum, candy

clinic area or the emergency room. After evalua-
tion by the medical team, the patient may begin
antimicrobial treatment.

11.4.4.4 Fatigue

Defining fatigue has been a challenge, but ongo-
ing pediatric fatigue research suggests that both
children from 7 to 12 years of age and adoles-
cents from age 13 to 18 years of age can effec-
tively describe fatigue in terms of physical and
mental symptoms (Baggott and Association of
Pediatric Oncology Nurses (U.S.) 2002).
Younger children described fatigue as a sad or
mad face stating they feel tired or weak. Teens
elaborated more, describing not only physical
symptoms of sleepiness, nausea, dizziness, and
a weakening of their body but also being men-
tally tired, feeling “not themselves,” and feeling
sorry for themselves (Baggott and Association
of Pediatric Oncology Nurses (U.S.) 2002).
Contributing factors for younger children were
associated with getting treatment, having pain,
having low blood counts (anemia), changes in
their sleep patterns, not being as physically
active as they were pretreatment, and environ-
mental factors while being in the hospital, such
as interrupted sleep, or hearing noises and see-
ing lights on in the hallways. The adolescent
patient identified the contributing factors relat-
ing to their fatigue as environmental: hearing
noises, being in the hospital, going for treat-
ment, nurses making noise, and young children
making noise. They also related fatigue to per-
sonal/behavioral factors such as changing usual
sleep patterns, changing sleep positions due to
their disease or central line, doing too many
things, being bored, having fears and anxieties,
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and being worried (Baggott and Association of
Pediatric Oncology Nurses (U.S.) 2002).

Treatment strategies are varied, but regardless
of the age of the patient, they all begin with a
thorough assessment of the patient, including
what they consider their causes of their fatigue
(Lahl et al. 2008; Murphy 2011). The medical
team can look for correctable causes such as ane-
mia, pain, dehydration, or poor nutrition and
work to alleviate or improve these conditions. A
distinction is needed between fatigue and depres-
sion along with evaluating the patient’s pattern of
activity  during treatment (Baggott and
Association of Pediatric Oncology Nurses (U.S.)
2002). The younger children identified that tak-
ing time out for short naps during the day, having
visitors, and doing fun activities helped with their
feelings of fatigue. Having an extensive psycho-
social program that includes music therapy, art
therapy, play therapy, and massage therapy can
all contribute to helping with distraction and “fun
activities” as mentioned by the younger children.
The adolescent patient identified alleviating fac-
tors for their fatigue as going outdoors, having
protected rest time, having fun with friends, tak-
ing naps, resting, and keeping busy. They also
mentioned that treatments such as getting medi-
cations for sleep, having physical therapy, and
getting a blood transfusion helped with fatigue
symptoms (Baggott and Association of Pediatric
Oncology Nurses (U.S.) 2002).

As healthcare professionals, we need to give
the patients and families the permission to rest
while they are in the hospital, letting them know
that it’s okay to post a “nap time” or “rest time”
on the door of their hospital room. For the many
“technologically wired-in” patients that we care
for, it’s also often about evaluating sleep hygiene.
Making sure that all electronics are turned off at
night so they can sleep well is a first step in evalu-
ating sleep hygiene. Many times our patients can-
not attend school full time, but allowing them to
go for half days or even a few hours when their
counts are good makes a huge difference in their
attitude. Discussing their daily routines at home,
cutting back on long naps during the day to man-
age better sleep patterns at night, and making a
routine each day are other ways to combat

fatigue. Creating nutritional plans and accessing
the oncology dietician to help in creating ade-
quate dietary needs with the goal of maximizing
wellbeing can give energy to the patient experi-
encing fatigue. Maintaining adequate nutrition
throughout the day is imperative for the patient
experiencing fatigue. Instructing patients and
families to eat small, high-calorie, high-protein
snacks every 3—4 hours may help sustain the
patient’s energy level (LaTour 2014). Exercise as
aresponse to fatigue has shown significant strides
in overcoming the symptoms of fatigue (Griffie
and Godfroy 2014). Collaboration with the mul-
tidisciplinary team to keep the patient active dur-
ing admits and while at home is another key to
overcoming fatigue (Griffie and Godfroy 2014).

11.4.4.5 Pain

Pain is often the most common side effect for the
bone tumor patient. If it is not well controlled, it
can significantly impact the patient’s quality of
life. For pain that is associated with tumor growth
and sometimes even the occurrence of a patho-
logical fracture, over-the-counter acetaminophen
or ibuprofen become insufficient in controlling
the pain. Medications that combine an analgesic
and oral opioid are frequently the next step. The
most effective intervention for relief of tumor
pain is to initiate treatment as soon as possible
(Pearson 2009) (see Table 11.4).

Initial pain assessment should include a self-
report (location, character, time of worst and
least pain, factors that improve and aggravate
pain, and intensity utilizing a pain rating scale),
parent input, observation of behavior, physical
examination, and physiological measures/diag-
nostic results (Pearson 2009). Assessments in the
future will often be compared to this initial base-
line pain assessment. If pain resolves itself
quickly after treatment begins, it is indicative of a
positive response to therapy. If pain increases
while receiving chemotherapy, either at the tumor
site or other areas, it is troublesome in that it may
indicate a lack of response to treatment.
Frequently, imaging or pathology may confirm
this concern. A sudden onset of acute pain with-
out accompanying trauma may indicate a patho-
logical fracture (Pearson 2009).
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Table 11.4 Sources of pain in patients undergoing bone tumor therapy

Treatment related

Bone (primary or
metastatic): bone marrow
Central nervous system
Neuropathic

Somatic or visceral

Chemotherapy:
Mucositis

Peripheral neuropathy
Aseptic bone necrosis
Myalgias or arthralgias
Extravasation injuries
Bone pain

Typhlitis

Pancreatitis
Constipation or bowel
obstruction

Radiation therapy:
Mucositis

Radiation dermatitis
Myelopathy

Radiation fibrosis
Osteoradionecrosis
Radiation-induced peripheral
nerve tumors
Radiation burns

Managing the bone pain that commonly
accompanies pegfilgrastim or filgrastim can
sometimes be worrisome to the patient and fam-
ily if they were not aware of the possibility that it
may occur. Many times they are immediately
concerned and anxious that this “new pain” is
indicative of metastasis or treatment not working.
The first step in alleviating this worry is to review
with the patient and family the purpose and side
effects of these drugs, giving them a medication
reference handout to review prior to their first
treatment with pegfilgrastim or filgrastim. They
are instructed to start taking acetaminophen (after
taking their temperature prior to each dose) or
utilize their prescribed pain medication sched-
uled to stay ahead of the bone pain. If their home
pain regimen does not control the bone pain asso-
ciated with pegfilgrastim, they are sometimes
admitted or brought into the outpatient infusion
clinic for intravenous pain medications. For those
patients who experience significant bone pain
with their pegfilgrastim treatment, the medical
team may add the antihistamine, loratadine.
Loratadine is given prior to the pegfilgrastim
injection and then daily until count recovery
occurs.

Postsurgical pain is expected and involves the
consultation of the inpatient anesthesia or pain

Surgery related Procedure related

Acute postoperative
Post-thoracotomy
syndrome: numbness or
neuropathic pain that can

Finger stick
Venipuncture
Intravenous cannulation
Implanted central venous

occur after thoracic catheter
surgeries Venous access device
removal

Suture removal

Bone marrow aspiration
Bone marrow biopsy
Lumbar puncture
LP-related headache or
backache

team to initiate and manage intravenous and epi-
dural pain medications. This team rounds on the
patient daily and is the continuous medical con-
tact for nursing staff during their surgical admit
for pain control. For the local control procedures
such as limb salvage and amputation, incorporat-
ing physical therapy and a rehabilitation program
mandates good pain control. The need to continu-
ally evaluate the effectiveness of treatment can-
not be overemphasized (Pearson 2009). The
nurses play an intricate role in assuring the tim-
ing of pain medications coincides with the physi-
cal therapy and rehabilitation plan (Pearson
2009). For those patients recovering from post
thoracotomy, deep breathing and coughing exer-
cises are also managed more effectively if the
patient has adequate pain control.

Progressive disease pain is a multifaceted
problem and requires consulting with other spe-
cialists such as radiation therapists with radiosen-
sitizing chemotherapy, radiofrequency, ablation,
cryoablation, nerve blocks, as well as pain medi-
cations to manage progressive disease pain and
promote quality of life (Pearson 2009). The bone
tumor team works closely with the palliative care
team at our institution, consulting them early on
in the treatment regimen to foster relationships
among the palliative team and the patient and
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family. They are introduced as symptom manage-
ment experts, and the bone tumor team regularly
meets with the palliative care team and combines
patient appointments to offer comprehensive care
to the patient and family.

Neuropathic pain and neuropathy are common
symptoms of the pediatric bone tumor patient’s
treatment. The patient and family are advised
prior to treatment that neuropathy may occur.
Presentation may include a burning pain, numb-
ness, and tingling that often start in the feet,
hands, or fingertips, not being able to feel hot or
cold, more sensitive to touching things, poor
coordination, muscle weakness, cramping, or
twitching (Baggott and Association of Pediatric
Oncology Nurses (U.S.) 2002). The medical
team continually evaluates for signs and symp-
toms of neuropathy during treatment. It may lead
to dose adjustments in chemotherapy regimens
due to neuropathy. The medical team may utilize
anticonvulsants such as gabapentin to help with
pain management. Physical therapy is often con-
sulted as well. Some other nonpharmocological
treatments that may help alleviate the pain are
relaxation therapy, massage therapy, acupunc-
ture, or devices that affect nerve signals (Baggott
and Association of Pediatric Oncology Nurses
(U.S.) 2002).

Referring our patients to an outpatient pain
clinic is another option to help the patient man-
age acute to chronic pain. The Pain Services
Clinic at our institution provides a comprehen-
sive assistance to patients with complex and/or
long-term pain-related problems. The clinic is in
an integrated, interdisciplinary model where
rehabilitation and facilitation of normal develop-
mental trajectory are the primary goals. The ser-
vices  provided include  comprehensive
biopsychosocial assessment, pharmacological
and regional anesthetic management, individual
and family therapy, biofeedback, breathing,
relaxation and imagery training, and counseling
regarding management of patient/family psycho-
social disorders related to acute and chronic pain,
physical and or occupational therapy, massage,
and acupuncture. The ONN facilitates referral
and helps the patient manage outpatient appoint-
ments to the pain clinic during treatment.

Navigating the bone tumor patient through
their pain can be challenging. With the integration
of the electronic medical record (EMR) that allows
the ONN to view all patient appointments, dis-
charge summaries, and medication records, it has
become much easier to review current pain medi-
cations with the patient and family. The first step
in triaging pain is assessing the pain by asking for
the location, quality, intensity, and duration of the
pain. The ONN also assesses for aggravating or
relieving factors and cognitive response to pain
(Baggott and Association of Pediatric Oncology
Nurses (U.S.) 2002). For children who are unable
to fully verbalize their pain, a FACES pain scale is
included in their teaching notebook, and the fam-
ily is asked to have the patient rate their pain utiliz-
ing this scale (see Fig. 11.4). The ONN reviews
current medications the patient is taking and for-
mulates a plan with the patient and family utilizing
current prescriptions and requests a callback later
in the day for follow-up to monitor if there has
been any relief. If the current pain regimen is not
managing the patient’s pain, the ONN documents
in the patient EMR and notifies the practitioner for
possible change in regimen or the evaluation to be
seen by a practitioner. Each triage and evaluation
by the ONN is unique and individualized.
Sometimes patients and families just need a review
and guidance of taking their pain medications as
prescribed, often fearful of addiction. The ONN
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Fig.11.4 Wong-Baker FACES® pain rating scale
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offers support and guidance to the patient and fam-
ily which typically involves listening to their con-
cerns (Black and Caufield 2007). Anxiety, nausea,
constipation, lack of sleep, dehydration, anemia,
or fatigue can all increase a patient’s level of pain
(Baggott and Association of Pediatric Oncology
Nurses (U.S.) 2002). It’s the responsibility of the
ONN to be able to listen and rule out any or all of
the above during phone triage.

Lastly, pain is not managed by just the medi-
cal team in pediatric institutions. It involves a
multidisciplinary, multi-team approach that
includes a wide variety of team members from
child life specialists, music therapists, art thera-

Table 11.5 Pain management strategies

pists, volunteers, nurses, technicians, massage
therapist, acupuncturists, psychologists, pallia-
tive care team members, hospice team members,
pastoral services, and, lastly, the patient and fam-
ily. Team members get to know the patient and
utilize their professional skills to help the patient
deal with their pain in many ways other than just
utilizing pain medications. The patient and fam-
ily can take these new interventions and apply
them while at home. Their pain is managed
through other nonpharmacological and cognitive-
behavioral intervention (Baggott and Association
of Pediatric Oncology Nurses (U.S.) 2002) (see
Table 11.5).

Type
Heat

Cold

Massage

TENS (transcutaneous

electrical nerve
stimulation)

Acupuncture or
acupressure

Relaxation

Music
Breathing

Blowing away pain
Biofeedback

Imagery

Hypnosis

Distractions

Recommended ages Indications

6 months or older

6 months or older

All ages

3 years and older

All ages

7 years and older

All ages
3 years and older

1 year and older
3 years and older

3 years and older

3 years and older

10 months and older

Relieves muscle pain and joint
stiffness, relaxes muscles, eases
spasms

Injury, bruising, muscle spasms,
headaches

Achy muscles, muscle spasms, tense
muscles, soothing and relaxing for
the body and mind

Headaches, muscle aches and
spasms, bone metastasis, neuropathy,
phantom limb pain

Acute pain, headaches,
musculoskeletal pain, persistent,
recurrent, or chronic pain

Acute pain, persistent achy pain,
chronic pain, abdominal or limb pain

Acute, chronic, and procedural pain

Nonacute pain, persistent achy pain,
chronic pain, abdominal or limb pain,
pain associated with tension or
anxiety

Acute, brief pain, procedural pain

Migraine and muscle tension
headaches, persistent muscle pain

Acute, chronic, and procedural pain

Acute, chronic, and procedural pain

Treatment-related pain, acute and
chronic pain

Contraindications

Contraindicated on irradiated
tissue or over tumor sites

Contraindicated on tissue
damaged by radiation and
patients with peripheral
vascular disease

None

Caution in those patients with
epilepsy, cardiac problems, or
pacemakers

To be performed only by a
trained acupuncturist

None

None
None

None
None

Patient with severe emotional
problems or psychiatric
illness, or history of
hallucinations

Patient with severe emotional
problems or psychiatric
illness, or history of
hallucinations

None
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11.4.4.6 Fever

Management of the pediatric bone tumor patient
with fever and neutropenia differs greatly from
that of other patients with fever. Due to the high
mortality rate associated with untreated infec-
tion, all fevers experienced by children with neu-
tropenia are considered due to a life-threatening
infection until proven otherwise (Baggott and
Association of Pediatric Oncology Nurses (U.S.)
2002; Mize et al. 2014). From the initial contact
with the patient and family, the ONN reviews a
“who to call and when to call” guideline sheet
with family. Fever greater than 100.5 °F
(38.05 °C) or higher is located at the top of this
list and is documented in every discharge sum-
mary and teaching document for the family. The
ONN provides the family with a thermometer
and assures that the family is proficient in moni-
toring for temperatures. When triaging the patient
over the phone, the ONN gathers pertinent infor-
mation regarding the physical status of the patient
such as alertness, paleness, any change in color to
feet or hands, any duskiness to lips or mouth,
looking for any changes in circulation, any respi-
ratory difficulties, changes in pain, diarrhea, pain
or burning with urination, persistent cough, rash,
sore throat, chills or shaking, stiff neck, any
bleeding or bruising, and any exposures to
infectious illnesses. If the triage performed
exhibits any emergent issues, the family is asked
to hang up and call 911. If they live a distance
from the institution and the patient’s temperature
is greater than 102° and exhibits any one of the
alerted assessment, they are asked to go to the
closest local hospital and to have the ED staff
contact the fellow or attending on call at our insti-
tution. If no other symptoms persist and the
patient is stable, they are directed to come to the
hospital for evaluation and to pack a bag because
depending on their degree of neutropenia, they
may be admitted. The ONN alerts the ED intake
of the patient diagnosis, where they are in their
therapy, and any complications or pertinent infor-
mation so that the patient is alerted as a fever and
neutropenic cancer patient and does not have to
wait long in the ED intake process. The ONN
then communicates the patient information to the
inpatient team and the primary team. For the

patients whose fevers are greater than 101.5°, the
family is instructed to give the patient a dose of
acetaminophen prior to leaving for the hospital so
that temperature status can be managed. Most
bone tumor patients currently in treatment have
their labs checked twice a week either at an out-
side lab or at the hospital laboratory, allowing the
primary team to monitor where they are in their
blood count recovery. Since the ONN retrieves
these counts and communicates the results to the
patient and family, she is usually aware of neutro-
penia status of the patient when the patient calls
with a fever. Once again, the EMR serves as an
ideal, comprehensive tool in managing the bone
tumor patients. Each institution utilizes fever and
neutropenia precautions differently. Some insti-
tutions maintain a fever as 101 °F.

11.4.4.7 Neutropenia

Managing neutropenia at home can be worrisome
for patients and families. Prior to discharge after
their first chemotherapy treatment, the ONN
reviews neutropenia cautions with the family,
teaching them about their complete blood count
and what it includes. The COG Family Handbook
is utilized for complete blood count teaching.
The ANC is explained and reviewed with them,
letting them know that each time they have their
labs drawn, we will be able to determine their
child’s ability to fight infections by calculating
the ANC with them. If their ANC is less than
500, they are at higher risk of infection, and it is
at this time when they should be cautious to wear
a mask when outside the home, avoid crowds,
and monitor daily for temps (Murphy 2011;
Baggott and Association of Pediatric Oncology
Nurses (U.S.) 2002). Making the child feel iso-
lated or alone due to not being able to have
friends over or attend school can be avoided by
monitoring the ANC. The ONN instructs families
to avoid any sick contacts, purchase alcohol-
based hand sanitizer, and place it by the front
door and in the kitchen, requesting that all visi-
tors utilize the hand sanitizer when visiting the
home. The ONN gives the family boxes of pedi-
atric and adult masks to wear when the patient is
neutropenic or a family member is ill.
Encouraging the patient and entire family to
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adapt to regular handwashing is the most effec-
tive way to prevent the spread of infection in the
home (Murphy 2011; Baggott and Association of
Pediatric Oncology Nurses (U.S.) 2002). The
family is instructed to keep other sick children
directly away from the bone tumor patient, mak-
ing sure they do not share drinks or food. When
the patient’s ANC has recovered, it is okay to go
out, visit friends, and sometimes even go to
school for a few hours, first checking with the
school nurse or office to make sure there is not a
lot of illness in the school. Any friends coming to
visit should be screened for exposures to any ill-
nesses, or if they have a fever, runny nose, cough,
diarrhea, or rash, they should not visit. Personal
hygiene and good, consistent dental hygiene are
important before, during, and after treatment
(Baggott and Association of Pediatric Oncology
Nurses (U.S.) 2002; Murphy 2011).

One of the most common questions we receive
is if the patient can keep or get a new pet. For the
patients who have a pet, they are asked to avoid
any stool and urine from animals. They are also
instructed not to clean the cages of pets in the
home. Pets in the home should be well cared for,
clean, and immunized (Murphy 2011).

Patients are also instructed to avoid mowing
grass or plowing fields; avoid barns and farming;
no digging in sand or dirt; no swimming in
creeks, rivers, or lakes; avoid people with chick-
enpox or shingles; no drinking of raw milk; no
eating raw or uncooked meat or eggs; and no raw
cookie dough. Patients are instructed to wear a
mask when they are coming and leaving the hos-
pital or if they are walking around the hospital.
They are also instructed to wear a mask for pre-
caution when they are around a construction area
or if they are out in an area where they are mow-
ing the grass or plowing fields (Murphy 2011).

Managing neutropenia prophylactically by the
medical team starts with the patient taking
Bactrim on the weekends to prevent Pneumocystis
Jjiroveci pneumonia (Mize et al. 2014). Depending
on recurrent fungal and viral infections that the
patient might experience, the medical team may
place a patient on prophylactic antifungals or anti-
virals during neutropenic times in their therapy
(Mize et al. 2014). Currently in the United States,

all influenza injectable vaccines are a “killed
virus.” In the neutropenic or immunocompro-
mised patient, it is recommended that the pediat-
ric cancer patient receive the injectable vaccine,
but they should not receive the “live virus” that is
in the commonly used influenza nasal spray vac-
cine (Mize et al. 2014). The entire family of a
pediatric bone tumor patient is recommended to
receive the injectable influenza vaccine.

11.4.4.8 Constipation

In the complex treatment of the pediatric bone
tumor patient, constipation is usually a multifac-
torial problem (Baggott and Association of
Pediatric Oncology Nurses (U.S.) 2002).
Constipation may be related to narcotic analgesic
or vinca alkaloids that have a neurotoxic effect on
the smooth muscle of the gastrointestinal tract
causing decreased peristaltic activity, decreased
oral intake secondary to nausea and vomiting,
decreased activity, or secondary to abdominal
surgery (Baggott and Association of Pediatric
Oncology Nurses (U.S.) 2002). It is important to
perform a baseline assessment and history of the
patient’s bowel habits prior to beginning treat-
ment. Prophylactic stool softeners and/or laxa-
tives, a diet high in fiber, and adequate fluid
intake may help prevent or alleviate constipation
during treatment (Baggott and Association of
Pediatric Oncology Nurses (U.S.) 2002; Lahl
et al. 2008). Nonpharmaceutical actions to help
prevent constipation include encouraging physi-
cal activity, providing privacy, and diet (Lahl
et al. 2008; Baggott and Association of Pediatric
Oncology Nurses (U.S.) 2002). Teaching the
family that a diet that consists of a variety of
fruits and vegetables, whole grain breads and
cereals, and high-fiber snack foods such as fig
bars, date or raisin bars, and oatmeal cookies may
help in the prevention of constipation is essential.
The ONN also reinforces with the patient and
family that they should notify the medical team
immediately if the patient experiences any pain,
tearing, or burning during bowel movements due
to the potential of infection secondary to neutro-
penia. The ONN works with the patient and fam-
ily to adequately adjust their stool softeners and
diet to prevent constipation.
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11.4.4.9 Diarrhea

Diarrhea in the bone tumor patient is most often
related to their treatment or medications, but this
first needs to be triaged and assessed. The ONN
reviews the patient medication history of any
antibiotics, changes in diet, ill contacts at home,
or any antineoplastic medications they may be
receiving that cause diarrhea (Baggott and
Association of Pediatric Oncology Nurses (U.S.)
2002). The first step to diarrhea management is to
monitor the amount and volume, teaching the
family to document how many stools they are
having daily. Much like evaluating for dehydra-
tion in the patient experiencing nausea and vom-
iting, the ONN teaches the family to look for
signs and symptoms such as decreased urine out-
put, no tears with crying, dry, pasty oral mucosa,
increased lethargy, and dry skin. For patients
being treated with antibiotics, stool cultures may
be sent. For the patients receiving chemotherapy
agents causing diarrhea, utilizing loperamide
around the clock until no stooling has occurred
for 12 hours can help stop the diarrhea. Also,
avoiding foods containing milk products, tea,
coffee, and drinks with caffeine will help with the
diarrhea. They are instructed to drink plenty of
water, sports drinks, or electrolyte-containing
drinks, to drink broth or clear soup, to avoid tak-
ing any stool softeners, and to eat foods such as
bananas, rice, apple sauce, chicken, white toast,
or canned fruits. For those patients receiving iri-
notecan, the medical team may initiate the use of
cefixime and charcoal tablets to aid in decreasing
diarrhea during treatment.

11.4.5 Tracking Evaluation
and Schedules

Tracking evaluations and schedules for all on
and off therapy bone tumor patients requires a
detailed patient list within the electronic medical
record (EMR). One technique is to create a
patient list within the EMR system at our institu-
tion listed as “sarcoma patients.” Through the
EMR system, the patient list is created contain-
ing the following properties: patient name,

medical record number, age/sex, last admission
date, new results, last discharge date, DOB,
room number, last weight in kilograms, and
expected admission date. When the ONN opens
their desktop, this is the list that automatically
opens up, allowing her to see where her patients
are, if they are admitted, have results, or have
been discharged recently from another depart-
ment. This list has also been made available to
all bone tumor team members including phone
nurses who cover the ONN’s role while she is
not in the office. The ONN also keeps a file of
each patient’s treatment schema that enables her
to create calendars for patients, know upcoming
treatments, and monitor for upcoming scan
schedules. The ONN is able to utilize the EMR
“chart review” section to monitor upcoming
appointments. For off therapy patients, these
charts are forwarded into the ONN'’s “inbasket”
where they sit with instructions in the routing or
plan of care note documented by the practitioner
when the patient is due for their next follow-up
scans. This basket is reviewed daily by the ONN,
and weekly scans are ordered and appointments
scheduled. The ONN utilizes the plan of care
documentation from oncology appointments
with the practitioners and also utilizes the online
COG protocol guidelines for monitoring/evalua-
tions for patients who were on study. The sar-
coma team (bone tumor team) meets every
2 weeks and discusses patients; reviewing scans
and plan of treatments are discussed. This also
gives opportunity to follow up with the practitio-
ners about plans for evaluation. A member of the
research team attends this meeting which allows
collaboration for any concerns or questions
about evaluation timing.

11.4.6 Referrals

Surgery and radiation referrals can be challeng-
ing if they are outside the institution. Our insti-
tution utilizes an outside radiation facility for
both photon and proton radiation. Depending on
the institution, the patient information requested
varies. The ONN has a list of contacts for several
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proton and photon radiation centers in the
Midwest and Northeastern United States.
Documenting all contact information including
emails and phone numbers in the patient’s chart
in telephone encounters allows other team mem-
bers to easily retrieve contact numbers. Since
most of the centers are teaching institutions,
they require all requested information be faxed
or mailed to them along with a copy of the
patient’s scans. Through trial and error, the
ONN has found that sending the package includ-
ing all paperwork and the disc of scans together
works most effectively. For most of our patients
receiving photon therapy at the cancer center
close to our institution, the referral process
involves contacting the intake coordinator with
patient information and obtaining a patient
appointment that can be communicated to the
primary team and to the patient and family,
coordinating it along with their inpatient admis-
sions and clinic appointments. A disc of scans is
couriered to the cancer center in the same day,
and all information is faxed to the intake coordi-
nator. If the cancer center we are referring our
patients to utilizes the same EMR system, it
allows us to access the patient chart at these
institutions to monitor their appointments and
progress while receiving radiation treatments.
Consent to access this system in EPIC is called
“Care Everywhere” is required to be signed by
the parent or guardian. The radiation staff noti-
fies the ONN of the treatment plan and schedule
for the patient so that schedules can be
coordinated.

Surgery referrals are made for line placement
or surgical procedures. If the surgeon is at our
institution, the process of referral is easy. For
scheduling purposes, the referral is made in the
EMR system, but the ONN also emails or con-
tacts the surgeon’s scheduling staff to answer any
questions or concerns. The emails are docu-
mented in the patient’s EMR so that all team
members are aware of the referral follow-up. The
ONN often communicates by email or phone
encounters to surgeons and the surgeon’s sched-
uling staff, informing them of where the patients
are in their treatment plan so that collaboration

for local control with their office can begin. Our
institution has comprehensive specialty clinics in
which the oncologist and the surgeon see patients
collaboratively, creating seamless communica-
tion between specialties. Examples of a few of
these clinics that the bone tumor patient may be
seen in are the orthopedic oncology clinic and
surgical oncology clinics. For surgery referrals
outside our institution, the process can be chal-
lenging. After all documents, scans, and pathol-
ogy are sent, it can be difficult to retrieve
follow-up plans and return communication from
outside institutions. Persistence in calling the
office typically prevails, but this can be time
consuming.

11.4.7 Home Care Coordination

Home care coordination is organized with the
discharge planner and case management for our
division. We communicate daily about our
shared patients and notify each other of any
changes in the plan of care. A weekly list of
patient chemotherapy treatments is sent to the
schedulers for our infusion center. The ONN
sends this email to the discharge planner, notify-
ing her of any upcoming admits, and documents
any home care needs on this email. The ONN
coordinates and assures home care orders are
signed by the attending oncologist and sent to
the home care company in a timely manner. If
the outpatient pharmacy or home care infusion
pharmacy has questions, they contact the ONN
for clarification or directions in delays of treat-
ment. Some home care coordination involves
palliative care or hospice care. This coordina-
tion can include nurses, aides, chaplain services,
massage therapy, or recreation therapy, depend-
ing on the demographics of the family. For hos-
pice care, the ONN, who has known the patient
and family from diagnosis, continues to support
them until end of life. Most of this support pro-
vided from the ONN is through listening or
answering any questions or concerns they may
have about what to expect at the end of life for
their child.
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11.5 Transitioning
to Survivorship

Transitioning bone tumor patients from treatment
to off therapy can be an ambivalent experience
for the patient and family. They have just spent
the last several months navigating appointments,
admissions, fevers, medications, and side effects
with their bone tumor team, and suddenly they
are instructed they do not need to come back for
3 months. They are excited to have finished the
race but anxious about the future and worry for
relapse. The bone tumor team has become their
tour guide in the day-to-day adventures of treat-
ment, learning to trust and depend on them.
When treatment ends, they become fearful about
terminating the relationship they have become so
dependent upon. The oncology team supports the
patient and family during this time, helping them
transition from almost daily conversations with
the oncology team to fostering relationships with
a primary care physician.

11.5.1 Primary Care Physician
Coordination

Once the central line is removed, the patient and
family are referred to their pediatrician or pri-
mary care physician (PCP) for routine colds and
fevers in between follow-up appointments with
the bone tumor team. Transitioning care to the
PCP needs to include excellent communication
between the oncology team and the PCP. For
some patients, who did not have an established
pediatrician or primary care physician prior to
diagnosis, they may consider the oncology team
as their primary care physician (PCP). Finding a
primary care physician can be difficult. The best
advice when it comes to finding a new PCP is
asking friends and family who their physician is
and do they like them? Why do they like their
PCP? If finding a PCP through family and friends
does not work, most insurance companies have a
number you can call, and someone will help you
find a PCP in your area. Most of these companies
also have websites that allow you to navigate

several physicians in your area. The ONN often
times brings up websites with the patients and
family and helps them initiate the process. The
ONN can sometimes contact the new PCP and
discuss a new patient appointment with the office
staff which often produces an earlier appointment
for the patient. The ONN also sends a treatment
summary or care plan to the PCP once medical
release is completed, making sure the PCP has
access to the oncology team as needed. We are
fortunate that we have a large teaching medical
center close by and they have a residents’ clinic
that our patients can be referred to for follow-up
care. By sending our patients to this facility, it
allows the bone tumor team access to their elec-
tronic medical record. There are also several
websites and apps for smartphone users that can
link you to a new PCP. See below for list:

www.ehealthinsurance.com/individual-health.../
choosing-pcp/
https://www.medmutual.com/.../Choosing-a-
Primary-Care-Physician.aspx
www.bcbs.com/blog/five-tips-for-choosing-a-
PCP.html
www.zocdoc.com/primary-care-doctors
www.bcbsm.com/index/.../choose-or-change-
pcp-online.html
mmeht.org/FindingPhysician.htm
https://www.cchplink.com/providersite/secure/
findadoctor.aspx
www.aetna.com/about-aetna-insurance/sas/
mobile/ (a smartphone app)

11.5.2 Tracking Regular Surveillance
Appointments

Tracking regular off therapy surveillance appoint-
ments is not complicated for the ONN, but it can
be time consuming. Utilizing the EMR system to
help track patient appointments and last scans is
essential. This task can become difficult if the
practitioner does not complete their last visit note
in a timely manner. The ONN reviews all bone
tumor patient’s last visit notes for the practitioner’s
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http://www.bcbs.com/blog/five-tips-for-choosing-a-PCP.html
http://www.zocdoc.com/primary-care-doctors
http://www.bcbsm.com/index/�/choose-or-change-pcp-online.html
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http://mmeht.org/FindingPhysician.htm
https://www.cchplink.com/providersite/secure/findadoctor.aspx
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http://dx.doi.org/10.1007/978-3-319-18099-1
http://dx.doi.org/10.1007/978-3-319-18099-1
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impression and plan documented in the history
and physical. Through this documentation, the
ONN keeps a spreadsheet that allows her to docu-
ment last scan dates, next due date for scans, last
EKG and echocardiogram, and how many months
they are off therapy. By utilizing the EMR chart
review, the ONN is able to follow up on all scans
ordered or not ordered by the practitioner.
Children’s Oncology Group treatment protocols
are accessed for guidelines of recommended eval-
uations needed for each follow-up visit.

11.5.3 Survivorship Care Plans
and Cancer Treatment
Summary

The Institute of Medicine (IOM) and the National
Research Council published From Cancer Patient
to Cancer Survivor: Lost in Transition in 2005.
The authors created a number of recommenda-
tions. One of these recommendations was that
survivorship should be viewed as a separate
phase of cancer care and that when a patient com-
pletes their primary treatment they should be pro-
vided with a comprehensive care summary and
follow-up plan written by the primary oncology
team who coordinated their oncology treatment.
This care summary and follow-up is now referred
to as a survivorship care plan (LaTour 2014;
McClellan et al. 2013; Hewitt 2006).

This need was also reinforced in 2012 when
the American College of Surgeon’s Commission
on Cancer (CoC) created new standards that
require all hospitals that are accredited by the
CoC to complete a survivorship care plan (SCP)
that is clearly and effectively explained for all
patients completing treatment.

CoC Standard 3.3 Survivorship Care Plan
The cancer committee develops and implements
a process to disseminate a comprehensive care
summary and follow-up plan to patients with
cancer who are completing cancer treatment. The
process is monitored, evaluated, and presented at
least annually to the cancer committee and docu-
mented in minutes (LaTour 2014).

The cancer treatment summary is the first and
most essential part of this new standard. Upon
discharge from cancer treatment, including treat-
ment of recurrences, every patient should be
given a record of all care received and important
disease characteristics (see Table 11.6).

The Children’s Oncology Group Long-Term
Follow-Up Guidelines for Survivors of Childhood,
Adolescent, and Young Adult Cancers have two
templates available in electronic format at www.
survivorshipguidelines.org (See Fig. 11.5). It is
also suggested that the SCP be provided to the
patient’s primary care provider. This plan will
inform the patient and the PCP of the long-term
effects of cancer and treatment and identify and
provide guidance on follow-up care, prevention,
and health maintenance for the survivor (Horowitz
et al. 2009; McClellan et al. 2013).

The Passport for Care application for survi-
vors of childhood cancer is being developed in
collaboration with the Children’s Oncology
Group to address healthcare information needs of
long-term survivors (See Fig. 11.6). The Passport
for Care (PFC) is an Internet-based tool devel-

Table 11.6 Essential elements of treatment summary

Tumor characteristics
(site(s), stage and grade,
hormonal status, marker
information)

Diagnostic tests performed
and results

Dates of treatment initiation
and completion

Psychosocial, nutritional,
and other supportive
services provided

Full contact information
on treating institutions
and key individual
providers

Identification of a key
point of contact and
coordinator of continuing
care

Surgery dates

Chemotherapy including
agents used, treatment
regimen, total dosage,
identifying number and title
of clinical trials
Radiotherapy
Transplant

Hormonal therapy
Indicators of treatment
response and toxicities
experienced during
treatment


http://www.survivorshipguidelines.org/
http://www.survivorshipguidelines.org/
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oped to provide survivors and their PCP with
individualized, accurate, and timely healthcare
information related to the treatment they received.
The PFC provides them with summaries of their
cancer history and treatment. This information
drives algorithms to produce individualized mon-
itoring and management recommendations
derived from the Children’s Oncology Group

(COG) long-term follow-up guidelines (Horowitz
et al. 2009).

Where the treatment summary provides the
details about the type of treatment received as
well as any complications or side effects that
the patient experienced, the survivorship care
plan provides information about the plan for
follow-up to include screening recommenda-

SUMMARY OF CANCER TREATMENT
(Comprehensive)

DEMOGRAPHICS

Name: (last, first, middle) ‘ Sex: (M/F) | Date of Birth: ’ COG Reg #:
Address: (number, street, city, state/province, postal code, country)

Phone: | ss# | Race/Ethnicity: (see list #1)

Alternate contact: | Relationship: ‘ Phone:

CANCER DIAGNOSIS

Diagnosis: (see list #2)

Date of Diagnosis: Age at Diagnosis:

| Date Therapy Completed:

Sites involved/stage /diagnostic details:

‘ Laterality:(Right/LeftNA)

Hereditary/congenital history: (see list #3)

Pertinent past medical history:

Treatment Center:

Medical Record #:

MD/APN Contact Information:

1 No

RELAPSE(S) [] Yes

If yes, provide information below

Date: Site(s): Laterality: (Right/Left/NA)

Date Therapy Completed:

SUBSEQUENT MALIGNANT NEOPLASM(S) [] Yes

No D If yes, provide information below

Date: | Type: (see list #4)

Stage/Site(s): | Date Therapy Completed:

CANCER TREATMENT SUMMARY

PROTOCOL(S) Cdyes [INo yes, provide information below

Acronym/Number Title/Description Initiated Completed On-Study

CHEMOTHERAPY [] Yes [] No

If yes, complete chart below

Drug Name

Route

Additional Informationt

(see list # 5)

(see list #6)

(see list #7)

Fig.11.5 Cancer treatment summary
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SUMMARY OF CANCER TREATMENT (continued)
RADIATION Yes D No D If yes, plete chart below
Site/Field Laterality |Start Stop | Fractions | Dose per Initial Boost Site | Boost Total Dose Type
Date Date Fraction Dose Dose (including
Gy) (Gy)* (Gy) boost)
(Gy)*
(see list #8) (see list #9) (see list #10)
Radiation oncologist: | Institution:
*Note: To convert cGy or rads to Gy, divide dose by 100 (example: 2400 cGy = 2400 rads = 24 Gy)
HEMATOPOIETIC CELL TRANSPLANT Yes D No D If yes, chart below
Type Source Date of Conditioning Regimen Institution/Treating MD
Infusion
(see list #11) (see list #12) (see list #13)
Tandem? D Yes No

GVHD prophylaxis/treatment

(For transplant patients only) D Yes D No

If yes, complete chart below

Type

First Dose Last Dose

(see list #14)

Was this patient ever diagnosed with chronic graft-versus-host disease (cGVHD)?

Yes DNO D

Yes D No D

SURGERY If yes,

chart below

Date Procedure

Site (if applicable)

Laterality (if applicable) Surgeon/Institution

(see list #15)

OTHER THERAPEUTIC MODALITIES DYes D No

If yes, plete chart below
Therapy Route Cumulative Dose (if known)
(see list # 16) (see list #6) (see list #7)
COMPLICATIONS/LATE EFFECTS D Yes D No If yes, J: chart below
Problem Date onset Date resolved Status
(see list #17) (Active/Resolved)

Adverse Drug Reactions/Allergies D Yes D No

If yes, chart below

Drug Reaction

Date Status

(Active/Resolved)

t: DYesDNo

Additional Information/Cc

below

If yes, provide infor

Summary prepared by: (name/title/institution)

Date prepared:

Summary updated by: (nameftitle/institution)

Date updated:

Fig.11.5 (continued)

tions and possible late side effects. Teaching the
patient and family about late effects should not
start at the end of therapy, but at the beginning
of treatment and throughout the continuum of
care. Handing the patient and family an end of
treatment summary and a notebook full of hand-
outs is not the most effective teaching method.
Setting aside an end of therapy appointment to

review all treatment received and the SCP is
most effective for the patient and family, provid-
ing a quiet time to review information. When the
survivor is ready to transition from active treat-
ment to follow-up, it is essential that they know
who is primarily responsible for their future
care. Utilizing technology is another effective
tool for teaching about late effects of treatment.
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Fig.11.6 Passport for Care

PFC is one example of how a patient and family
can utilize Web-based sites to review informa-
tion. Livestrong has utilized the website http://
www.livestrongcareplan.org/, where patients
can go online and develop their care plans and
a tool that allows them to print a copy for their
PCP. In the world where most patients and fami-
lies have smartphones, there are apps like the
AYA Healthy Survivorship that allows the sur-

Fovs 8 wemmmary
- Tonderness of swslling ol previeus cHBwter | TreamposiscVasc| =

vivor to keep track of their plan, screening and
late effects as well as contact a community of
survivors  (http://www.curesearch.org/Article
View2.aspx?id=10091). Searching “cancer” or
“cancer care” in the apps template will lead the
survivor to several tools they can utilize. The
Institute of Medicine has declared a minimum
standards of care be included in the survivorship
care plan (see Table 11.7).


http://www.livestrongcareplan.org/
http://www.livestrongcareplan.org/
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Table 11.7 Survivorship care plan

Tumor characteristics
(site(s), stage and grade,
hormonal status, marker
information)

Diagnostic tests performed
and results

Dates of treatment initiation
and completion

Psychosocial, nutritional,
and other supportive
services provided

Full contact information
on treating institutions
and key individual
providers

Surgery dates

Chemotherapy including
agents used, treatment point of contact and
regimen, total dosage, coordinator of continuing
identifying number and title care

of clinical trials

Identification of a key

Radiotherapy
Transplant

Hormonal therapy
Indicators of treatment
response and toxicities
experienced during
treatment

Each institution has to determine the process
of completing and reviewing these cancer treat-
ment summaries and the survivorship care plans
with their patients. The follow-up component
offers an opportunity to identify which provider
is responsible for care in the future and helps the
patient understand who to call and when to call.
Nurses serving as navigators can identify the
patient’s PCP and be sure the contact informa-
tion is included with the patient electronic medi-
cal record. With multiple survivorship models
now in use, studies have confirmed that there is
no one way to provide survivorship care (LaTour
2014). What is important is that an SCP discus-
sion occurs consistently and with one member
of the healthcare team whom the patient identi-
fies as a primary contact (LaTour 2014).

11.5.4 Prevention of Secondary
Cancers

As the bone tumor team transitions the patient
into survivorship, discussing and screening for

secondary cancers is imperative. Studies have
shown that as a childhood cancer survivor
becomes older, they have a slightly higher risk of
developing a second cancer compared to people
their same age in the general population (Hudson
and Hester 2013; McClellan et al. 2013).
Contributors to this risk are the person’s age dur-
ing cancer therapy, treatment they received, and
their genetic and family history (Hudson and
Hester 2013). At the end of therapy, the bone
tumor team and ONN review the patient’s risk of
developing a secondary cancer by reviewing the
cancer treatment summary and family history. In
some cases, early or more frequent screening
may be recommended to ensure early detection.
Reinforcing the importance of follow-up
appointments is essential for this screening pro-
cess. Teaching the patient and family to practice
health maintenance behaviors such as regular
checkups, developing a relationship with a pri-
mary care provider who knows their cancer
treatment summary, risks of late complications,
and recommended screening evaluations will
improve the chances of catching problems at an
earlier, treatable stage (McClellan et al. 2013;
Hudson and Hester 2013). Patients are encour-
aged to report any new or persistent symptoms to
the healthcare provider (see Table 11.8).

The ONN and bone tumor team instructs the
patient at end of therapy on behaviors that can
reduce their risk of getting a secondary cancer
(see Table 11.9).

11.5.5 Late Effects of Treatment
of the Bone Tumor Patient

Beyond monitoring for recurrence, caring for the
childhood cancer survivor must include evalua-
tion of potential long-term effects, health educa-
tion, and promotion of health screening (Lahl
et al. 2008). The late effects of the bone tumor
patient are directly related to their treatment
modalities, and the nurse must continue to sup-
port and assure adequate appointment follow-up
for these patients that are at risk. The bone tumor
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Table 11.8 Guideline of symptoms to report during follow-up

Easy bruising or bleeding  Changes in moles Persistent abdominal pain ~ Persistent cough or
hoarseness
Paleness of the skin Sores that do not heal Blood in the stools Shortness of breath
Excessive fatigue Lumps Blood in the urine Bloody sputum
Bone pain Difficulty swallowing Painful urination or Discolored areas or sores in
defecation the mouth that do not heal
Vision changes Changes in bowel habits Persistent headaches

Persistent early morning
vomiting

Table 11.9 Behavior modifications following cancer therapy

Avoid cancer-promoting Drink alcohol in

behaviors moderation Diet and exercise Get vaccinated

Do not smoke Limit the use of ~ Reduce daily fat intake to 30 % or less of =~ Human papillomavirus
Do not chew tobacco alcohol calorie intake (HPV) vaccine

Avoid secondhand smoke Eat foods high in fiber Hepatitis B vaccine
Protect the skin from sun Eat a diet high in cruciferous vegetables

exposure (cabbage, brussels sprouts, broccoli,

Avoid tanning beds cauliflower)

Avoid or limit daily intake of processed or
preserved foods such as pickled,
salt-cured, or lunch meats

Eat a diet high in vitamin C and A such as
fresh citrus fruits, melons, green and
yellow vegetables

team must work as a team to manage these Conclusion

patients by offering resources and education In today’s healthcare environment of cancer
related to their disease history, treatments, and care complexity, the ONN role can provide a
possible health deficits (Lahl et al. 2008; practical solution to maintain safe, individu-
McClellan et al. 2013). To improve knowledge alized, coordinated care that doesn’t leave
and understanding of late effects, it’s imperative the pediatric bone tumor patient and family
that late effects of treatment received are taught feeling like they are just a number within the
and reinforced throughout the pediatric bone healthcare system (Howitt 2011). By initiat-
tumor patient’s treatment (Cherven et al. 2014). ing a relationship at diagnosis and continu-
Creating an ‘“end-of-therapy” appointment with ing this partnership with the patient and
the practitioner and clinician to discuss the treat- family into survivorship, the ONN knows
ment summary and survivorship care plan and the child/adolescent and family well because
reinforce the possibility of late effects creates an of the long-term nature of their relationship
opportunity to assess for learning deficits with (Howitt 2011).

the patient and family (see Table 11.10).
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Table 11.10 Long-term effects of cancer therapy

System
Genitourinary

Cardiovascular

Reproductive and
endocrine

Hematopoietic

Central nervous
system

Gastrointestinal

Musculoskeletal

Causative agents
Cyclophosphamide
Ifosfamide
Radiation

Cisplatin
Carboplatin
Methotrexate

Anthracyclines

Cyclophosphamide
Ifosfamide
Radiation

Anthracyclines
Epipodophyllotoxins
(etoposide)
Radiation to marrow-
containing bones

Radiation to spine
Surgical manipulation
near spine

Vincristine

Cisplatin

Carboplatin
Radiation to abdomen
Concomitant use of
actinomycin and
doxorubicin
Irinotecan
Methotrexate

Radiation to long
bones, spine, any
growing bone/muscle
area

Amputation or limb
salvage

Methotrexate

Potential effects
Hemorrhagic cystitis
Bladder fibrosis
Kidney dysfunction

Cardiomyopathy
Exercise intolerance
Hypertension

Sexual dysfunction
Growth abnormalities
Sterilization

Menstrual cycle changes

Acute myeloid leukemia

Paresthesias
Chronic pain
Seizures
Neuropathy
Ototoxicity

Fibrosis and strictures
Malabsorption
Anorexia, nausea,
vomiting

Change in bowel habits
Food intolerance
Jaundice

Muscle or bone
asymmetry

Muscle or bone
hypoplasia

Limb length discrepancy
Alterations in growth
Gait changes
Functional deficits
Chronic pain
Reduced bone mineral
density

Interventions

Education about reporting hematuria
Maintain adequate hydration
Monitor blood pressure

Referral to urologist

Routine tests: echocardiogram (total dose
dependent)

Education: dietary management

Exercise program

Avoid alcohol and tobacco

Avoid heavy lifting

Electrolyte supplementation

Routine laboratory values: follicle-
stimulating hormone, luteinizing hormone,
sperm analysis, triiodothyronine,
thyroxine, and thyroid-stimulating
hormone

Sperm donation (men) (before
chemotherapy and radiation if area is
included in field)

Education during treatment
Hormonal support

Referral to endocrinologist or fertility
specialist

Routine physical exam

Routine complete blood count with
differential

Computed tomography and magnetic
resonance imaging

Referral to neurology

Audiological evaluation, speech and
language therapy

Growth charts

Routing laboratory values (chemistries and
complete blood count)

Referral to gastroenterologist

Bone age films

Standing and sitting heights
Encourage physical activity
Encourage weight control

Referral to orthopedist

Referral to physical and occupational
therapy

Bone density evaluation
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The diagnosis of a bone tumor in childhood is
a significant stressor that has implications for
the psychosocial well-being of the entire fam-
ily from diagnosis to survivorship and/or end
of life. In general, many children with cancer
adjust well over the first year, but there is
greater risk for parent distress, particularly
among mothers. Risk for psychosocial difficul-
ties is also elevated for parents and siblings
who are bereaved. Supportive care should be
interdisciplinary and evidence-based to address
information needs, decision making, adjust-
ment, and long-term challenges. Consideration
of the family system and developmental con-
text of the diagnosis and treatment is impor-
tant. Because the vast majority of research to
date has not focused on outcomes for families
of children with bone tumors specifically,
implications for future research are also
described.
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12.1 Introduction

Even under the best circumstances when the chance
of cure is good, children and families may experi-
ence considerable stress when their child is diag-
nosed with a bone tumor. In addition to adjusting to
the diagnosis and making difficult treatment deci-
sions, families must cope with the side effects of
therapy, disruptions in family routines, financial
costs, challenging conversations with healthcare
providers and other family members, and the lin-
gering possibility of relapse or death (Rodriguez
et al. 2012). Disruption of normative activities,
such as school and extracurricular activities, is
common for children during treatment (Katz and
Madan-Swain 2006). In survivorship, a significant
proportion of families must also deal with the
child’s late effects as discussed in Chap. 16. Thus,
the diagnosis of a bone tumor in childhood has sig-
nificant and enduring implications for the psycho-
social well-being of the entire family.

We begin this chapter by highlighting
theoretical models that guide our research and
supportive care of families of children with can-
cer. Research on the psychosocial outcomes of
children with cancer, parents, and siblings is
summarized across the continuum during diagno-
sis and treatment, survivorship, and/or end of life.
Although limited research has examined psycho-
social outcomes specific to children with bone
tumors, we highlight this work when possible.
Attention is paid to implications for the psycho-
social assessment and ongoing care of the family.
Finally, directions for future research are
summarized.

12.2 Theoretical Perspectives

Disability, stress, and coping theories recognize
that stressors, such as cancer, can pose a signifi-
cant threat to child and family adjustment
(Wallander and Varni 1992; Compas et al. 2012).
The degree of perceived threat and controllability
may influence an individual’s choice of coping
strategies to manage the stressor. Research sug-
gests that coping strategies focused on disengag-
ing from the stressor (e.g., denial, wishful

thinking) increase risk for difficulties, while
active engagement strategies that aim to change
the situation or adapt to it (e.g., problem solving,
acceptance) tend to be associated with resilience
(Compas et al. 2012; Connor-Smith et al. 2000).
Thus, stressors, such as a cancer diagnosis, have
important implications for coping and the emer-
gence of psychopathology or successful adapta-
tion in children and families.

Family systems and socio-ecological models
emphasize that the stress of childhood cancer
affects all members of the family, as individuals
make adjustments to accommodate the illness
and treatment in the family system (Alderfer and
Kazak 2006). A child’s diagnosis occurs within
the context of a family that has preexisting pat-
terns of relationships and interactions. This cli-
mate, or the common values, rules, and beliefs
within the family, provides a framework for how
parents and children respond to one another
about the challenges presented throughout treat-
ment and thereafter. For example, family envi-
ronment influences how openly the family speaks
about the diagnosis, shares emotion and affect, as
well as collaborates in decision making. Family
members are interdependent, such that a person’s
adjustment is influenced not only by intrinsic
characteristics, but also by the significant others
in his or her life. In other words, family function-
ing may set the stage for how the family will
manage cancer-related stress as a system.

Consideration of child development is also
important in the context of cancer. As a growing
number of childhood cancer survivors mature
into adults, we have gained a better understand-
ing of the evolving and lasting impact of cancer
on the developing child. Because the needs of
children with cancer are ongoing and complex,
research and care are optimized when considered
within a life-span developmental perspective.
This approach requires sensitivity to the dynamic
context of the child and family’s illness experi-
ence over time (Holmbeck et al. 2010; Kazak
2001). Transitions between developmental peri-
ods are also important, as major changes in social
roles and contexts can alter the course of physical
and psychosocial well-being. For example, the
child’s age or the timing of diagnosis and


http://dx.doi.org/10.1007/978-3-319-18099-1_16

12 Psychosocial Effects of Pediatric Bone Tumors and Recommendations for Supportive Care

203

treatment are important with respect to risk for
psychosocial effects and provision of appropriate
supportive care. The developmental context of
cancer has particular relevance for the child’s
concept of illness and death, medical knowledge,
and involvement in self-care and decision making
into survivorship or at the end of life. Finally,
there is evidence that childhood cancer can affect
the transition between developmental periods
after diagnosis, including the attainment of
socially valued milestones (e.g., graduation,
employment).

As many children with bone tumors are diag-
nosed in the second decade of life, it is helpful to
acknowledge the primary developmental tasks of
adolescence and emerging adulthood (i.e., ages
18-25). These years are characterized by numer-
ous biological, psychological, and social changes
(Feldman and Elliott 1993). A greater capacity
for abstract thought, higher-order reasoning, per-
spective taking, and emotion regulation evolves.
Socially, adolescents develop greater autonomy
from parents and gravitate toward the peer group.
Psychosexual development includes dating, sex-
ual exploration, and more intimate emotional
connections with romantic partners. At the same
time, youth are also at higher risk for psychopa-
thology, risky health behaviors, and nonadher-
ence to medical regimens (Shaw 2001; Gibbons
et al. 2012; Cicchetti and Rogosch 2002). Many
health behaviors (e.g., nutrition, exercise)
decline markedly in adolescence (Dumith et al.
2011; Lytle and Kubik 2003), and experimenta-
tion in risk-taking behaviors (e.g., alcohol use,
unprotected sex) is common, further blurring the
distinction between normative and abnormal
functioning during this time (Cicchetti and
Rogosch 2002).

During emerging adulthood, one gains
increasing independence, acquires more respon-
sibility, and forms an identity that will likely
endure throughout adulthood (Arnett 2000). The
decisions and actions that occur during this time
can affect education levels, occupational attain-
ment, and social status across the life span
(Chisholm and Hurrelmann 1995). Typically,
parent—child relationships improve in early adult-
hood as children become more independent, geo-

graphically distant (e.g., away at college), and
similar to their parents with regard to roles and
responsibilities (e.g., adult work or spousal roles)
(Buhl 2007). Hallmark characteristics of this
period are exploration and multiple life changes,
such as dating different partners, moving fre-
quently, seeking temporary or part-time employ-
ment, and pursuing various educational
alternatives. Therefore, it is valuable to under-
stand the challenges families face in balancing
the demands of cancer with the normal develop-
mental tasks of adolescence and emerging
adulthood.

12.3 Psychosocial Functioning
of Children with Cancer

In general, children with cancer may have an
increased risk for internalizing problems (e.g.,
depressed mood, anxiety) near diagnosis, but
these symptoms tend to dissipate over the first
year (Sawyer et al. 2000). Although most survi-
vors are not at risk for severe psychopathology
over the long-term, there is some risk for inter-
nalizing and for social problems, particularly
among children with brain tumors or those who
received central nervous system (CNS) directed
therapies (Vannatta and Gerhardt 2003; Eiser
et al. 2000). As evidence of enhanced functioning
or lower rates of psychopathology has been found
among children with cancer (Phipps et al. 2001;
Noll et al. 1999), there has also been a growing
emphasis on positive outcomes, such as benefit
finding, posttraumatic growth, and the emergence
of other competencies in response to stress
(Barakat et al. 2006; Phipps et al. 2007).
Because survivors appear to have limited psy-
chopathology, research has focused on more sub-
tle indicators of functioning, such as the
attainment of socially valued outcomes or devel-
opmental milestones (e.g., graduation rates,
employment, parenthood). Survivors of child-
hood cancer may not reach certain developmental
milestones, or they may have delays in achieving
life goals, such as completing their education and
finding employment (Stam et al. 2006; Gurney
et al. 2009; Lund et al. 2010). A recent
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meta-analysis (de Boer et al. 2006) reported that
adult survivors of childhood cancer were dispro-
portionately likely to be unemployed relative to
controls. There is some evidence that survivors of
childhood cancer may experience early social
difficulties, as well as delays in marriage and par-
enthood relative to peers (Stam et al. 2006;
Gurney et al. 2009; Lund et al. 2010). However,
this risk is primarily accounted for by deficits
among brain tumor survivors.

With respect to health behaviors, children
with cancer demonstrate reduced physical activ-
ity and a lower capacity for exercise both during
treatment and long-term (Tillmann et al. 2002;
Warner et al. 1998). Adherence to sun protection
has been noted as the least-frequent health
behavior practiced by survivors (Tercyak et al.
2006). Furthermore, screening behaviors, such
as breast or testicular self-examination, have
been suboptimal among survivors (Yeazel et al.
2004). Experimenting in high-risk or health-
compromising behaviors (e.g., sexual activity,
substance use) is especially problematic for sur-
vivors of childhood cancer and may increase vul-
nerability to further health problems or secondary
malignancies. Although children and adolescents
with cancer may be protected from some high-
risk behaviors, especially during treatment, par-
ticipation in these activities at rates similar to
peers is still of concern (Hollen and Hobbie 1996;
Thompson et al. 2009; Klosky et al. 2012).

12.4 Psychosocial Functioning
in Survivors of Bone Tumors

Research specific to children with bone tumors is
sparse, with reports primarily focused on long-
term functional or quality of life outcomes, as
well as developmental milestones. Often, this
work comes from the Childhood Cancer Survivor
Study (CCSS) (Robison et al. 2009). Comparison
samples vary across studies, including normative
samples, sibling controls, other malignancies, or
within-group comparisons based on amputation
and limb salvage procedures. One review sug-
gests that survivors of childhood bone tumors

enjoy a favorable quality of life and have psycho-
social outcomes similar to the general population
(Mosher and McCarthy 1998). Another found no
differences in outcomes between amputee and
limb salvage survivors, but a third review con-
cluded that there is some evidence that bone
tumor survivors may fare less well relative to
other cancer survivors (Langeveld et al. 2002).

Self-reported global functioning and psycho-
logical adjustment are generally good compared
to normative samples or epidemiological controls
(Felder-Puig et al. 1998; Teall et al. 2013;
Nagarajan et al. 2009). However, Felder-Puig
(1998) found that bone tumor survivors had lower
rates of marriage, living independently, and par-
enthood. Survivors diagnosed in adolescence
also had more social problems compared to those
diagnosed in childhood or early adulthood. In
other reports that compared bone tumor survivors
to siblings, survivors were more likely to have
some functional difficulty and employment dis-
ability (Nicholson et al. 1992). Those with ampu-
tations had greater deficits in education,
employment, and health insurance coverage
(Nagarajan et al. 2003). Although Zeltzer et al.
(2008) found more psychosocial difficulties and
poorer quality of life among bone tumor survi-
vors than siblings, mean scores fell in the normal
range.

Relative to survivors of other malignancies,
survivors of bone tumors may have a higher like-
lihood of reporting adverse health status in at
least one domain (e.g., activity limitations)
(Nagarajan et al. 2011; Hudson et al. 2003).
Interest has also focused on the relative superior-
ity of limb salvage vs. amputation. This research
tends to support some physical complications
from limb salvage but generally similar quality of
life and psychosocial functioning across groups
(Postma et al. 1992; Nagarajan et al. 2002, 2004).
However, quality of life may be lower for survi-
vors who are female, have less education, and are
older (Nagarajan et al. 2004). A final study found
similar psychological functioning between
groups, but survivors with amputations were
more likely to have negative effects on marriage
and work (Christ et al. 1996).
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12.5 Psychosocial Functioning
of Families

While many individual and family factors can
contribute to the development of psychopathol-
ogy more generally, often proximal factors (e.g.,
parental depression, family conflict) are the most
common contributors to a child’s risk in the con-
text of cancer (Robinson et al. 2007; Drotar 1997).
This finding mirrors the developmental literature
indicating the two primary factors that buffer the
impact of stress on children are often intelligence
and having a warm and consistent caregiver
(Masten 2001). For example, both parental
depression and anxiety have been positively asso-
ciated with distress in children (Brennan et al.
2002; Langrock et al. 2002; Whaley et al. 1999).
Transmission of distress between family mem-
bers may be accounted for or modified by family
environment. In general, children in families high
in conflict are more prone to difficulties (Hammen
et al. 2004; Holmes et al. 1999), while children in a
positive family environment are more likely to
adjust better to stress (Drotar 1997; Ivanova and
Israel 2006; Varni et al. 1996). Varni and colleagues
(1996) found that in families of children with
newly diagnosed with cancer, cohesion and expres-
siveness were associated with fewer child internal-
izing problems. Thus, a positive family environment
may be protective for children with cancer.
Interestingly, parents of children treated for
cancer may be at greater risk for adverse
psychological outcomes than children them-
selves. A meta-analysis found that parents of chil-
dren receiving treatment for cancer, particularly
mothers, have greater distress than comparison
samples (Pai et al. 2007). While many parents do
not report clinical levels of distress, a subgroup of
parents may be at risk for difficulties, particularly
internalizing symptoms. Single mothers, and
those with fewer socioeconomic resources, may
be at the highest risk for internalizing symptoms
and benefit the most from clinical assistance
(Dolgin et al. 2007). Distress tends to be higher
near diagnosis and during treatment but usually
declines over the first couple of years. However,
elevations in posttraumatic stress symptoms have

been reported for parents both during and after
their child’s cancer treatment (Kazak et al. 2005).

Little research has focused on the experience
of parents near the end of their child’s life. Caring
for a seriously ill child can have deleterious effects
on parental quality of life, mood, sleep, and
fatigue, with fear of the child’s death and physical
symptoms as frequent concerns (Klassen et al.
2008; Carter 2003; Gedaly-Duff et al. 2006;
Theunissen et al. 2007). About half of parents of
children with advanced cancer have been found to
have high rates of distress (Rosenberg et al. 2013).
These outcomes may be worse for parents of chil-
dren with poorer health status, more intense treat-
ment, less time since diagnosis, and more
economic hardship (Klassen et al. 2008;
Rosenberg et al. 2013). In fact, parents whose
children have a “difficult death” or unrelieved
pain, anxiety, and sleep disruption may have a
higher risk for internalizing symptoms and poorer
quality of life 4-9 years after the death (Kreicbergs
et al. 2005; Jalmsell et al. 2010). Not surprisingly,
bereaved parents are at risk for depression, anxi-
ety, guilt, posttraumatic stress symptoms, and
anger (Rosenberg et al. 2012). They routinely
score worse on most scales of adjustment, espe-
cially internalizing problems, relative to norms
and controls (Rosenberg et al. 2012). Although
parental grief is more prolonged than in other
types of loss, over time, some parents can also
recognize personal growth and positive outcomes
in response to a child’s illness and death (Hogan
and Schmidt 2002; Helgeson et al. 2006).

Siblings are often overlooked in research, and
most work is qualitative in nature (Sharpe and
Rossiter 2002). In many cases, there are several
years of treatment during which much of the fami-
ly’s attention and resources are directed toward the
ill child (Wilkins and Woodgate 2005). Older sib-
lings are often caregivers for their brother or sister
with cancer and can assume other adult roles in the
home (Martinson and Campos 1991; Gaab et al.
2014). This stress, coupled with parents who are
less available or impaired by the child’s illness and/
or death, poses significant risk for siblings.

A meta-analysis found siblings of children
with chronic illness are at risk for multiple



206

C.A. Gerhardt et al.

difficulties (Sharpe and Rossiter 2002), but a
recent review suggests only a subset of siblings
of children with cancer experience symptoms of
posttraumatic stress, emotional distress, or
reduced quality of life (Alderfer et al. 2010).
When a child dies, bereaved siblings have been
noted to have lower social competence and more
internalizing and externalizing problems relative
to norms or controls within 2 years of the death
(Birenbaum et al. 1989; Hutton and Bradley
1994; McCown and Davies 1995). Grief symp-
toms can resurface years later as children mature
and reflect on the loss from a different perspec-
tive. However, there is also evidence of positive
growth, such as having a better outlook on life,
being kinder, and more tolerant of others (Hogan
and Greenfield 1991; Hogan and DeSantis 1996).

12.6 Recommendations
for Supportive Care

Providing supportive care that is sensitive to
the context of child development and the fam-
ily system is important throughout cancer
treatment, survivorship, and/or end of life.
Currently, comprehensive standards for psy-
chosocial care in pediatric psycho-oncology
are under development. Interdisciplinary psy-
chosocial services that include access to chap-
lains, child life, creative arts therapies (e.g.,
art and music therapy), school intervention,
social work, psychologists, and psychiatrists
are ideal. However, resources are limited, and
the availability of clinical services varies both
between and within centers. Recommendations
for interdisciplinary care of children with can-
cer include assistance with the practical and
financial burdens of treatment and rehabilita-
tion; communication about diagnosis and
treatment decisions between the family and
healthcare providers; routine screening for
risk and protective factors that may contribute
to overall adjustment; cognitive behavioral
strategies for coping with symptoms, proce-
dural distress, adherence, and emotional and
behavioral adjustment; and school reintegra-
tion services to sustain normal academic and
social functioning (Noll and Kazak 2004).

Support for adjustment among parents and
siblings is also important, but often challeng-
ing with respect to visitor restrictions or access
in the case of siblings.

Recent models of care acknowledge that some
families may not require extensive services to do
well during treatment, recommending instead that
psychosocial services be available depending
upon individual risk profile (Kazak et al. 2007).
Regular screening for psychosocial challenges
and the assessment of strengths and available
resources can more accurately inform the alloca-
tion of services. Referrals should be made for
evidence-based treatments to reduce psychologi-
cal problems when warranted (Pai et al. 2006;
Kazak 2005). A focus on pain management
and adherence to physical therapy should be pri-
orities to help children regain optimal functioning
during rehabilitation. The ability to provide
ongoing support, such as educational accommo-
dations, physical accessibility, or vocational reha-
bilitation, during treatment and later survivorship
may help optimize the survivor’s success at
achieving developmental milestones in adulthood.
Interdisciplinary clinics that include psychosocial
providers and other specialists are key to long-
term care and surveillance in survivorship.

Supportive care is vitally important at end of
life, particularly with respect to facilitating com-
munication between the family and healthcare
providers. Unfortunately, referrals to palliative or
end-of-life care are often late or abrupt in pediat-
rics (Field and Behrman 2003), and children with
cancer experience significant symptom burden at
the end of life (Wolfe et al. 2000; Jalmsell et al.
2006). Attention should focus on symptom com-
munication and management, assessing family
beliefs about death and previous losses, helping
parents talk about death with the ill child and sib-
lings, giving the child a chance to ask questions
and express themselves through developmentally
appropriate means (e.g., journal, artwork), sup-
porting the child in creating a legacy, allowing
the family to share feelings for one another, and
preparing them to say goodbye. Some children
may wish to give gifts or will belongings to loved
ones, participate in funeral planning, and make
special requests for after their death (Foster et al.
2009). These discussions, while difficult, have



12 Psychosocial Effects of Pediatric Bone Tumors and Recommendations for Supportive Care

207

the potential to promote healing, provide closure,
and minimize guilt and regrets after the death.

Advance care planning should take place
when possible and consider the cultural, spiri-
tual, and moral values of the child and family
(Kirkwood 2005; Matlins and Magida 2003), as
well as ethical and legal guidelines. Consensus
building and assessing family preferences for
end of life, such as life-sustaining treatment,
mechanical support, DNR status, and place of
death is important. For patients over age 18,
advance directives (e.g., living will, durable
power of attorney) should be addressed.
Advance care plans should include the family
and medical team and should be documented in
writing. Evidence-based clinical tools such a
“Five Wishes” and “Voicing my Choices” can
facilitate these conversations and elicit prefer-
ences of children at different developmental
stages (Wiener et al. 2012). They may also
require periodic revision depending on changes
in the child’s status and reevaluation of family
needs and preferences. Systematic follow-up or
postbereavement care for parents and siblings
should also be a priority.

12.7 Directions for Future
Research

While we are gaining more knowledge about the
impact of cancer and its treatment on children,
there is more to learn. A growing body of research
has focused on outcomes of children with cancer
more generally or diagnostic groups (e.g., leuke-
mia, brain tumors) at higher risk for psychosocial
difficulties in survivorship. However, little
research has focused specifically on children
with bone tumors or during the end-of-life phase.
Much of our knowledge of psychosocial out-
comes among survivors comes from seminal
work through the Childhood Cancer Survivor
Study (Robison et al. 2009). Such epidemiologi-
cal studies allow for screening of large cohorts,
but many participants received treatments that
are quite different from what are offered today.
No studies have followed a large cohort of chil-
dren with bone tumors prospectively from diag-
nosis into adulthood to gain an in-depth

assessment of predictors and processes related to
psychosocial outcomes. Researchers must under-
stand the explanatory factors that account for
variation in outcomes over time, as well as how
development differs from typical peers who have
not experienced cancer.

Other methodological points for research include
the need for multiple informants and mixed method
approaches that move beyond paper and pencil
measures. Assessments such as lab-based tasks,
“real world” observation, qualitative interviews,
biological measures (e.g., actigraphy, psychoneuro-
immunology), and functional imaging will enhance
the quality of our science. Most importantly,
research that can inform the development and eval-
uation of interventions to prevent difficulties and
promote psychosocial resilience is paramount.
These interventions will be most effective if they
can capitalize on innovative technologies or
approaches that allow for wider dissemination and
easy access to underserved populations.

Arnett (2007) has argued success in adulthood
is not measured simply by the attainment of
developmental milestones, but also by a subjec-
tive sense of having reached adulthood or feeling
satisfied in life. In western countries, emerging
adults now desire not just a mate, but a soul mate,
and not just a job, but a career or dream job.
These are lofty goals for many as evidenced by
current divorce and unemployment rates, but it
remains unknown whether these idealistic goals
are more difficult to achieve for cancer survivors
relative to their peers. While research has exam-
ined subjective sense of well-being and life satis-
faction among adults with cancer, we know less
about these concepts in pediatric cancer survi-
vors. Do they have a sense of reaching adulthood
at different ages than peers? Are they more or
less happy in life? Are they more or less fulfilled,
or do they just have different priorities after fac-
ing cancer?

12.8 Summary

We now expect that most children diagnosed with
cancer will live long and hopefully full and happy
lives. Thus, considering the long-term implica-
tions of their experience within a family and life
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span developmental context will help ensure the
provision of appropriate supportive care and opti-
mize outcomes. Ongoing research that is method-
ologically rigorous will advance our understanding
of issues relevant to families of children with bone
tumors and inform evidence-based care. With
these goals in mind, we can ensure that more chil-
dren with cancer are not only surviving, but
thriving.
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Abstract

Survival of patients with pediatric bone
tumors have slowly improved, with more than
half with localized disease staying alive 5
years after primary diagnosis. Post chemo-
therapy surveillance detects disease that can
be managed by therapeutic options. The
WHO and RECIST criteria utilize tumor
response criteria as an endpoint for many
clinical trials. International cooperative
groups such as the Children’s Oncology
Group Bone tumor committee have put forth
consensus guidelines for surveillance. This
chapter aims to discuss the rationale, utility
and standard recommendations for surveil-
lance post chemotherapy for those with pedi-
atric bone tumors.

13.1 Introduction

With the advent of newer therapies to treat
pediatric bone tumors, rates of survival have
slowly improved. More than half of patients with
localized bone tumors are alive 5 years after pri-
mary diagnosis. It is now possible to sustain sta-
ble disease in relapsed patients with the use of
newer cytotoxic chemotherapy and targeted
agents. The primary reason for surveillance post
chemotherapy is to detect disease that can be
managed by therapeutic options. Oncologists uti-
lize comparable regimens of imaging modalities
for diagnosis at presentation, with continued
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monitoring while on therapy and for surveillance
following completion of therapy. Imaging is
desirable at frequent intervals to determine the
status of primary and metastatic disease and is
recommended for a minimum of 10 years after
the completion of chemotherapy. Various con-
sensus guidelines have been put forth by interna-
tional cooperative groups, including the
Children’s Oncology Group (COG) Bone Tumor
Committee that is comprised of oncologists and
members of the surgical, radiation oncology,
imaging, and nursing committees, and are
discussed below (Meyer et al. 2008).

13.2 Objective Response
to Treatment of Bone Tumors

The efficacy of anticancer therapies is important
for medical decision-making and outcomes of
clinical trials (Therasse 2002). Oncologists rou-
tinely monitor efficacy of treatments for bone
tumors by serial radiographic evaluation.
Shrinkage of tumor lesions with standard cyto-
toxic chemotherapy is a method of determining
tumor response. Anatomic and functional imag-
ing is utilized to assist with treatment response.
However, with the availability of newer agents
that target immunological, antiangiogenic, anti-
hormonal, and antimetabolic pathways, methods
of assessing efficacy of treatments are being
reevaluated (Ganten et al. 2014). A summary of
differences between WHO and RECIST criteria
is described below (Table 13.1).

13.2.1 World Health Organization
(WHO) Definitions

Recommendations were put together by the WHO
in the 1980s to standardize the response assess-
ment of anticancer therapy (Miller et al. 1981). In
the 1980s, members of the WHO met to put forth
recommendations that investigators would use to
report patient data and outcomes following a stan-
dardized pattern. This methodology helped vari-
ous researchers to compare their results. These
recommendations introduced the concept of uti-
lizing tumor response criteria as an endpoint for
many clinical trials. Assessment of tumor burden
was determined by bidimensional lesion measure-
ments. The WHO recommendations utilized any
change from baseline evaluation as response to
therapeutic interventions (Miller et al. 1981). A
high rate of interobserver variability and impre-
cise definitions for practical implementation led to
the development of the RECIST criteria.

13.2.2 RECIST Criteria (1.1)

Important endpoints of early phase clinical trials
are evaluated by tumor shrinkage and time to
development of disease progression (Eisenhauer
et al. 2009). Some issues with the WHO criteria
included methods of incorporating change in size
of measurable disease, minimum number of lesions
to be recorded, and definition of progressive dis-
ease (Therasse et al. 2000). The lack of clearly
stated criteria led to modifications by the coopera-

Table 13.1 Summary of changes between WHO criteria and RECIST 1.1

Criterion WHO

Definition of measurable disease
Method of measurement

Lymph nodes Unspecified

Definition of progressive disease

Number of lesions measured N/A
New lesions N/A
Guidance for imaging studies N/A

Bidimensional, no minimum lesion size

Sum of the product of diameter (SPD)

>25 % increase in SPD

RECIST 1.1

Minimum size of 10 mm on anatomic
imaging

Largest diameter (other than lymph
nodes)

Short axis, target lesions >15 mm,
nontarget lesions 10-15 mm,
nonpathological lesions <10 mm

>20 % increase in size
Five lesions (<2 in one organ)

Provides guidance to determine if
lesion is considered new

CT, MRIL, FDG-PET
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tive groups and pharmaceutical companies. Valid
comparisons were unable to be performed to ade-
quately interpret the results of clinical trials
(Tonkin et al. 1985). Due to these circumstances
and introduction of newer radiographic technolo-
gies, the International Working Group was created
in the 1990s to help clarify and revisit standard
definitions of response criteria. These criteria were
called RECIST, Response Evaluation Criteria in
Solid Tumors, and were published in 2000. These
guidelines were widely accepted by the EORTC,
US NCI, NCI Canada Clinical Trials Group, and
other cooperative groups and play a large role in
current early phase clinical trials to determine
overall evaluation of tumor burden and response to
therapy. Several of the recommendations put forth
in this version were based on retrospective clinical
data. Because of this, large-scale validation studies
were performed to monitor the implementation of
these guidelines in prospective studies (Therasse
et al. 2006). The International Cancer Imaging
Society (ICIS) and radiology groups reported con-
cerns regarding lesion measurements, especially in
patients with bone or nodal metastases, methods of
measuring maximum diameter, and the need for
standardizing reporting techniques in relation to
measurements, contrast enhancement of lesions,
and adequate comparisons to prior imaging studies
(Bellomi and Preda 2004; Husband et al. 2004).
RECIST criteria are now used to define response
rate and time to progression irrespective of the
stage of development of new cancer therapeutics.
Overall tumor burden is defined at baseline and
then used as comparison for subsequent measure-
ments. Measurable disease is defined by the pres-
ence of one measurable lesion. This is measured in
at least one dimension in the longest diameter, with
a minimum of 10 mm by CT scan or 20 mm by
chest X-ray. Lymph nodes must be >15 mm in
short axis by CT scan. Other lesions <10 mm or
pathological lymph nodes >10 mm and <15 mm
are considered non-measurable. Other non-mea-
surable lesions include leptomeningeal disease,
ascites, pleural or pericardial effusion, abdominal
masses, or abdominal organomegaly that is identi-
fied by physical exam that is not seen on reproduc-
ible imaging techniques (Eisenhauer et al. 2009).
Complete response (CR) is defined as disappear-
ance of all target lesions and reduction of any patho-

logical lymph nodes to <10 mm. Partial response
(PR) is defined as at least 30 % decrease in the sum
of the diameters of the target lesions from baseline
measurements. Progressive disease (PD) is defined
as at least 20 % increase in the sum of the diameters
of the target lesions. In addition to this increase, the
sum must also demonstrate an absolute increase of
at least 5 mm. The appearance of one or more new
lesions is also considered progression. Stable dis-
ease (SD) is defined as neither sufficient shrinkage
that qualifies for PR nor sufficient increase that qual-
ifies for PD with reference to the smallest sum diam-
eter of the baseline lesions. Best overall response is
the best response recorded from the start of the study
treatment until the end of the treatment.

Despite all these recommendations, there are
multiple biases when reporting size criteria. More
recently, RECIST has been modified to take func-
tional biological information into consideration
(Ganten et al. 2014). The PERCIST (PET Response
Criteria in Solid Tumors) was proposed in 2009 and
takes into account biological information from PET
imaging, especially in those patients treated with
newer therapies, during response evaluation. Most
new cancer therapies are more cytostatic than cytoc-
idal. Tumor response may be associated with a
decrease in metabolism rather than a major decrease
in tumor size (Tirkes et al. 2013). This concept has
been put forth in practice for response categories for
patients with lymphomas (Wahl et al. 2009; Cheson
et al. 2007). Response is evaluated as a percentage
change in SUV,,,, or SUL (lean body mass-normal-
ized SUV) for the most active lesion at each time of
evaluation. Adherence to standardized PET/CT
scanning protocol that includes consistency in
injected dose, postinjection delay, and SUV nor-
malization technique is crucial (Tirkes et al. 2013).
These criteria continue to be modified to adapt to
advancing technology and drug development.

13.3 Role of Blood Work
in Surveillance

13.3.1 CBC for MDS

Exposure to DNA-damaging cytotoxic drugs results
in approximately 20 % of cases of therapy-related
acute myeloid leukemia (t-AML) and myelodys-
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plastic syndrome (MDS) (Morton et al. 2013).
Commonly used chemotherapeutic agents for bone
tumors include alkylating agents such as cyclophos-
phamide and anthracyclines such as doxorubicin
alone and in combination with the use of radiation
therapy are thought to contribute to the develop-
ment of MDS or t-AML (Gale et al. 2014). However,
the exact incidence after treatment of bone tumors
is not known. Laboratory testing of complete blood
count (CBC) is recommended at diagnosis, during
therapy, and at each post-therapy follow-up visit.

13.3.2 LDH/Alk Phos

Other specific laboratory tests for bone tumors
have been identified, but their clinical utility is
still largely unknown. Serum alkaline phospha-
tase (ALP) and serum lactate dehydrogenase
(LDH) have been studied but have not shown
strong direct correlation. Markedly elevated lev-
els have shown to be associated with adverse out-
comes. In adults with osteosarcoma, a high ALP
level is considered valuable. However, due to the
variable serum levels in children based on age,
gender, and Tanner stage, these have not proven
their value in the pediatric population. Serum acid
phosphatase (ACP) has been recently studied due
to similar patterns of expression as ALP in chil-
dren and adolescents. When obtained at diagno-
sis, the ratio of ALP/ACP was found to be more
predictive of a diagnosis of osteosarcoma than
serum ALP levels alone. There does not appear to
be much value in monitoring serial levels after
initiation and completion of therapy for bone
tumors (Bielack et al. 2009; Shimose et al. 2014).

The utility of LDH has been studied for appli-
cation in bone tumors. A recent meta-analysis of
ten studies shows that elevated levels of serum
LDH is associated with a lower overall survival
rate in patients with osteosarcoma and can be
used as an effective prognostic marker (Chen
et al. 2014). High serum LDH levels are consid-
ered a poor prognostic factor in Ewing sarcoma;
however, it has not proven to have value in post-
therapy surveillance (Paulussen et al. 2009).
Another retrospective multicenter analysis evalu-
ating prognostic factors and treatment outcomes
of children and teenagers with osteosarcoma

revealed that high serum LDH and high serum
ALP level at baseline are concurrent with poorer
overall outcomes (Durnali et al. 2013). We now
know that these values have prognostic value but
have not been deemed useful to determine recur-
rent disease.

13.4 Surveillance During
Chemotherapy

13.4.1 Rationale, Modalities,
and Frequency of Imaging

The role of imaging during chemotherapy is to
intermittently assess primary and metastatic sites
of disease. This is generally accomplished by
various modalities that include radiographs, com-
puted tomography (CT), magnetic resonance
imaging (MRI), and functional imaging with
BE-FDG-PET imaging studies. The results of
these studies determine whether ongoing regi-
men will be continued, in case of stable or
improving disease burden, or whether a change in
treatment is necessary due to progression of dis-
ease. The frequency of imaging is arbitrary but
based on each patient’s treatment regimen. As a
general rule of thumb, it is recommended to per-
form imaging of bone disease by bone radio-
graphs and MRI or CT of the primary site and CT
evaluation of the lungs for assessment of meta-
static disease. If abnormal findings are seen, then
more extensive imaging is performed with MRI
or CT and bone scintigraphy or FDG-PET stud-
ies to guide therapeutic decision-making.
Functional imaging has been recommended at
the end of chemotherapy as a baseline for future
clinical trials. Patients with Ewing sarcoma do
not require FDG-PET imaging unless bone scin-
tigraphy was negative and FDG-PET positive on
prior imaging. For those with osteosarcoma, bone
scintigraphy is recommended. However, due to
technological advances, and subsequent clinical
trials utilizing FDG-PET results for therapeutic
decision-making, these studies are being obtained
at diagnosis, prior to local control, and at the
completion of therapy (Meyer et al. 2008).

MRI is utilized for preoperative planning and
for surveillance imaging while on chemotherapy
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Table 13.2 Current guidelines for post-therapy surveillance in osteosarcoma

Imaging
Site
Primary and metastatic
bone lesions

Anatomic imaging
AP and lateral radiographs

Primary and metastatic CT imaging

bone lesions MRI with contrast

Chest CT

Chest AP and lateral radiographs
Whole body

Whole body

Functional imaging

Frequency of imaging
q 3 months x 8, then
q 6 months x 6, then
q 12 months x 5

PRN symptoms or
abnormal imaging

q 3 months x 8, then
q 6 months x 2

q 12 months x 7. To begin
after the last scheduled CT

MDP bone scintigraphy PRN for symptoms or
abnormal imaging
FDG-PET PRN for symptoms or

abnormal imaging

Adapted from Children’s Oncology Group Protocol AOST06P1

and after completion of therapy. Interpretation
post chemotherapy may be complicated due to an
osteoblastic reaction (Iwasawa et al. 1997). Up
until recently, the ultimate criterion to determine
response to preoperative chemotherapy has been
analysis of histopathology, specifically degree of
necrosis. Pathological analysis does not always
seem to correlate with reduction in tumor volume
on imaging studies, though a decrease in the
T2-weighted signal in the extraosseous compo-
nent is associated with a favorable response (Shin
et al. 2000; Holscher et al. 1995). Delineation of
the margin of tumor or changes in the extent of
the joint effusion do not predict a favorable histo-
logic response (Holscher et al. 1992). PET imag-
ing for patients with osteosarcoma and Ewing
sarcoma has gained popularity. It has been
reported that a SUVmax of >5 g/ml after chemo-
therapy is associated with a poor histologic
response and a SUVmax of 2 to <2.5 g/ml cor-
relates with a good histologic response (Cheon
et al. 2009).

13.5 Surveillance Post
Chemotherapy

Follow-up of bone tumors is to detect local recur-
rences or development of metastatic disease
when early treatment is still possible and may
show effectiveness. Imaging of the primary lesion
and lung imaging with chest X-ray or CT chest

are the recommended norm. There are no ran-
domized data that describe the frequency and
extent of follow-up in patients with bone sarco-
mas. Overall, the majority of those with osteosar-
coma recur with lung metastasis, and those with
the Ewing family of tumors have a higher inci-
dence of skeletal metastasis (Ferrari et al. 2013).
Various guidelines have been put together by the
COG and the European Working Groups.
Recommended intervals by the ESMO/
EuroBoNet working group suggests every
6 weeks to 3 months for the first 2 years after
completion of chemotherapy, every 2—4 months
during years 3—4, every 6 months for years 5-10,
and then approximately every year (Hogendoorn
et al. 2010). Similar recommendations have been
put forth by the COG and are described below for
osteosarcoma and Ewing sarcoma (Tables 13.2
and 13.3).

13.5.1 Modalities of Imaging

13.5.1.1 Chest X-Ray vs.Chest CT
for Lung Nodules

There continues to be an ongoing debate about
the utilization of chest radiographs for adequate
surveillance of metastatic lesions from bone
tumors. Higher sensitivity is seen with the use of
chest CT when compared to radiographs; how-
ever, multinational groups still recommend chest
X-rays during the first few years after completion
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Table 13.3 Current guidelines for post-therapy surveillance in Ewing sarcoma

Imaging
Site
Primary site

Anatomic imaging
AP and lateral radiographs

Primary site CT imaging

MRI with contrast

Functional imaging

Frequency of imaging
Recommended for bone tumors
of extremity and pelvic sites:

q 3 months x 8, then

q 6 months x 6, then

q 12 months x 5

PRN symptoms or abnormal
imaging

Chest AP and lateral radiographs q 3 months x 8, then
q 6 months x 6, then
q 12 months x 5
Chest CT imaging If abnormal chest radiographs
Whole body MDP bone scintigraphy PRN for symptoms or
abnormal imaging
Whole body FDG-PET PRN for symptoms or

abnormal imaging

Adapted from Children’s Oncology Group Protocol AEWS1031

of therapy. The American College of Radiology
published guidelines for follow-up of malignant
musculoskeletal tumors (Vanel et al. 1984).
These state that CT is more precise in determin-
ing lung parenchymal metastatic lesions. In a ret-
rospective study it was determined that the use of
CT of the lungs for staging and follow-up was
found to be cost-effective only in large, high-
grade malignancies (Ferrari et al. 2013). Lung
metastases in patients with Ewing sarcoma are
thought to be adequately screened by chest radio-
graphs. Patients with osteosarcoma are recom-
mended to obtain intermittent chest CT imaging
to identify lung nodules. Multinational collabora-
tive corporations continue to discuss the best
method of identification and surveillance of lung
nodules due to metastatic disease. Currently, CT
scans are indicated for early surveillance, but fre-
quency remains controversial (Meyer et al. 2008).

13.5.1.2 MRI/PET vs.CT/PET

MRI continues to be one of the preferred imaging
modalities for diagnosis and T-staging of malig-
nant bone tumors (Hogendoorn et al. 2010). It
has been shown that the utility of MRI for diag-
nosis is approximately 94 %. This study also
determined that with the utilization of '*F-FDG
PET/CT for T-staging, the accuracy increases to

approximately 96 %. These data were interesting,
considering the inferior soft tissue contrast of CT
when compared to MRI (Buchbender et al. 2012;
Tateishi et al. 2007). There are little published
data about PET/MRI for staging and surveillance
of pediatric bone tumors. There is some expected
benefit of a whole-body PET/MRI to increase
accuracy of TNM staging (Buchbender et al.
2012). Detecting lymph node metastases from
primary bone tumors is expected to have similar
accuracy with PET/MRI and PET/CT imaging.
Integrated PET/MRI also helps with pairing
high-resolution local staging with a sensitive
metabolic whole-body staging examination.

No guidelines have been established that
incorporate metabolic imaging for routine sur-
veillance. F-FDG PET/CT has shown to have a
high accuracy for restaging, with a sensitivity
and specificity of 87 % and 97 %, respectively
(Gerth et al. 2007). Responders and nonre-
sponders can be differentiated by '®F-FDG-PET,
but CT and MRI assess tumor volume that does
not accurately differentiate one from the other
(Denecke et al. 2010). Currently PET/CT still
maintains popularity for end-of-therapy imaging
and is recommended during surveillance only if
abnormal findings are visible on anatomic
imaging.
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13.5.1.3 Risk of Radiation Exposure

Frequent incidences of imaging studies are pos-
tulated to be associated with risk of radiation
exposure. The recommendations for interval and
duration of CT scans post therapy remain contro-
versial. Since the early 2000s, there has been
ongoing discussion about balancing the risk-
benefit with exposure to radiation. Certain groups
have reported that increased use of CT imaging
modalities will lead to radiation-induced malig-
nancies in children. Approximately 600,000
abdominal and head CT examinations are per-
formed annually in children younger than
15 years of age. It is estimated that 500 of these
individuals may develop CT radiation-induced
cancer (Brenner et al. 2001). These reported data
were based on the computer models that estimate
cancer risk from atomic bomb survivors and CT
radiation doses that are higher than used by most
pediatric radiologists (Rice et al. 2007). The best
available data for radiation-induced malignancies
are the Japanese survival data; however, that pop-
ulation was directly exposed to alpha and gamma
radiation from contaminated food and water and
gamma and beta radiation from the bombs,
whereas computed tomography modalities utilize
only gamma radiation (Herzog and Rieger 2004).
Despite the knowledge of this association, the
reported overall risk is quite low. A retrospective
study revealed that patients who received a cumu-
lative dose of about 50 mGy may triple the risk of
leukemia and those who received a dose of
60 mGy may triple the risk of brain tumors.
However, only one incidence of leukemia and
one incidence of brain tumor were reported in
this very large adult cohort. Due to the rarity of
pediatric malignancies, this overall risk is rela-
tively very low (Pearce et al. 2012). As a rule,
pediatric protocols utilize more specific, low-
dose modalities in concordance with manufac-
turer standards. Automatic adjustment control
technique performs automatic adjustments based
on the size and body region imaged to obtain
high-quality images with lower radiation doses.
This method is widely utilized in pediatric prac-
tice (Kalra et al. 2005). Despite this ongoing
debate, it is imperative to presume that low-level

radiation may have a small risk of causing cancer
and should be considered while determining the
type of imaging for post-therapy surveillance
(Brody et al. 2007). There is no reported informa-
tion about the risk of serial subsequent CT scans
after an initial CT scan. Pediatric patients treated
with cytotoxic chemotherapy are at a slight ele-
vated risk of secondary malignancies later in life,
and it is unclear whether repeated CT scans add
further to this risk. The risk of recurrence of bone
tumors is high during the first 5 years from begin-
ning of treatment. Local recurrences and risk of
lung metastases also decrease at 5 years after
completion of therapy (Bacci et al. 2006;
Papagelopoulos et al. 2000) Thus, the Children’s
Oncology Group recommends decreasing fre-
quency of CT imaging for surveillance imaging
during the first 5 years of therapy.

Conclusion

One of the cornerstones of staging and sur-
veillance monitoring includes imaging stud-
ies. Various modalities are used, but anatomic
imaging remains popular with functional stud-
ies done at diagnosis or to confirm abnormal
findings seen on MRI or CT scans. RECIST
criteria have undergone many modifications
since inception and most recently include the
use of functional imaging studies in determin-
ing response to treatment. Laboratory studies,
although easy to obtain and monitor, have not
shown to have value in determining recurrent
disease. Frequent surveillance is a necessity to
help determine early metastases to allow for
intervention with chemotherapy and surgical
treatment that may positively influence post-
relapse survival.
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Abstract
Multimodal approach to treatment has led to
the dramatically improved outcome of patients
with osteosarcoma and Ewing sarcoma.
However, despite intensive therapies and
incorporation of novel agents in trials, the
therapeutic plateau in recurrent osteosarcoma
and Ewing sarcoma has not yet been over-
come. Cure for these patients remain a daunt-
ing challenge with dismal survival rate after
relapse despite best efforts. Certain clinical
factors help prognosticate quality of relapse of
these tumors. Because patient characteristics
are different upon disease recurrence, thera-
peutic approach to these patients vary widely.
Further improvements in outcome for
patients with recurrent disease will depend on
refinement of therapy using agents with clinical
activity based on understanding of tumor biol-
ogy, and within a trial design that optimally
detects drug activity. There is a growing list of
targets for osteosarcoma and Ewings sarcoma.
A significant biology effort has been estab-
lished by cooperative groups, as well as pre-
clinical drug evaluation systems created
towards more rapid identification and valida-
tion of compounds active in osteosarcoma and
Ewing sarcoma. High throughput screens of
novel agents should accelerate clinical trial
development. Finally, there are now various
national and international cooperative groups to
efficiently test new agents in these rare tumors.
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14.1 Recurrent Osteosarcoma

In the last three decades, introduction of chemo-
therapy has greatly improved the prognosis of
patients with osteosarcoma (Fuchs et al. 1998;
Giuliano et al. 1984; Goorin et al. 1991; Jaffe
et al. 1983; Longhi et al. 2006; Saeter et al.
1995). Currently however, despite multimodal
intensive treatment, a plateau in the survival and
cure rates of osteosarcoma has been reached
(Chou and Gorlick 2006). About three fourths of
patients with metastases at diagnosis will relapse
(Marina et al. 1993; Meyers et al. 1993; Ward
et al. 1994). For patients with localized disease
at initial presentation, 30-40 % will develop
recurrence (Fuchs et al. 1998; Goorin et al. 1991;
Jaffe et al. 1983; Kempf-Bielack et al. 2005;
Longhi et al. 2006; Saeter et al. 1995). Survival
rates continue to be unsatisfactory for patients
with metastatic and recurrent disease, with a
10-year overall survival (OS) of 23-29 % (Carrle
and Bielack 2009; Kager et al. 2003) and less
than 20 % (Kempf-Bielack et al. 2005), respec-
tively. Subjects enrolled on INT-0133 who expe-
rienced recurrence had an overall survival of
20 % at 10 years, similar to outcomes reported
by other groups. Bielack et al. (2009) reported
5 year OS and event-free survival (EFS) esti-
mates with second and subsequent osteosarcoma
recurrences: 16 % and 9 % for the second, 14 %
and 0 % for the third, 13 % and 6 % for the
fourth, and 18 % and 0 % for the fifth recur-
rences, respectively. In this study, the median
interval from the first to second recurrence was
about 9 months, and the median interval between
subsequent recurrences remained at approxi-
mately 6 months.

14.1.1 Incidence of Recurrence

14.1.1.1 Timing of Recurrence

Most patients developed disease recurrence
within 2 years of initial diagnosis (Bacci et al.
2001, 2008; Chou et al. 2005; Duffaud et al.
2003; Ferrari et al. 2003; Hawkins and Arndt
2003; Kempf-Bielack et al. 2005). In the
Cooperative Osteosarcoma Study Group (COSS)
report of 576 patients who had achieved first

complete remission (CR) then developed recur-
rent disease, the median time from diagnosis to
first relapse was 1.6 years (Kempf-Bielack et al.
2005). This was identical to what was described
in Chi et al. (2004), Duffaud et al. (2003), and
Hawkins and Arndt (2003), but approximately
half a year shorter than the median time of
23 months from the first complete remission
reported by the Rizzolli Institute (n=162) (Ferrari
et al. 2003).

14.1.1.2 Sites of Recurrence

The lungs were involved in more than 80 % of
all patients with recurrent disease and as the
only site in nearly two thirds of all patients
(Briccoli et al. 2010; Chi et al. 2004; Chou
et al. 2005; Duffaud et al. 2003; Ferrari et al.
2003; Goorin et al. 1984, 1991; Hawkins and
Arndt 2003; Huth and Eilber 1989; Kempf-
Bielack et al. 2005; Meyers and Gorlick 1997,
Saeter et al. 1995). Local recurrence occurs in
approximately 10 % of patients treated with
limb-sparing surgery (Meyers and Gorlick
1997; Saeter et al. 1995; Weeden et al. 2001). In
the COSS study, about 10 % relapsed in the
bone other than the primary site and 10 % with
multifocal recurrence (Kempf-Bielack et al.
2005). As also observed in other reports (Saeter
et al. 1995), solitary relapses were more likely
to occur in patients without primary metastases
(»=0.01) and more likely to be late relapses
(p=0.001).

14.1.2 Risk Factors for Relapse

Several independent risk factors are associated
with the probability to develop osteosarcoma
recurrence. Surgically inaccessible primary sites
such as the axial skeleton as well as the pelvis, the
large size of a primary tumor, and the presence of
metastases at diagnosis make it very challenging
to secure surgical local control, hence having
higher propensity for relapse (Bielack et al. 2002).

Of the factors associated with initial disease
presentation and treatment, response to first-line
chemotherapy has been shown to be a predictive
factor for relapse and correlates significantly
with survival (Bielack et al. 2002; Martini et al.
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1971; Spanos et al. 1976). Contrary to this, how-
ever, there is evidence that response to first-line
chemotherapy is not an independent prognostic
value for outcome after recurrence (Hawkins and
Arndt 2003; Kempf-Bielack et al. 2005), as it
seems like the benefit for relapsing good respond-
ers may have been mediated by longer times to
recurrence. In addition, dose intensification of
conventional cytotoxic agents, although leading
to greater necrosis after preoperative chemother-
apy, does not seem alter the poor outcome of
patients with metastatic osteosarcoma (Gorlick
and Meyers 2003; Meyers et al. 1998).

14.1.3 Prognostic Factors After
Relapse

Outcome after osteosarcoma relapse is largely dic-
tated by onset and location of recurrence, as well
as ability to secure surgical local control. However,
the reported overall survival rate in patients with
relapsed osteosarcoma had a wide range of
13-58 % (Ferrari et al. 1997, 2003; Goorin et al.
1984, 1991; Martini et al. 1971; Rosenburg et al.
1979; Saeter et al. 1995; Schaller et al. 1982;
Spanos et al. 1976; Ward et al. 1994). The discrep-
ancies in outcome published by different studies
could be from differences in the selection criteria
for the type of relapse (i.e., lung relapse only ver-
sus all relapses). In addition, variability among
prognostic factors in several series could be from
studies with small study populations and differ-
ences in the treatment approach to recurrence.

14.1.3.1 Timing of Recurrence

While some studies failed to detect association
with time to relapse and post-relapse survival
(Carter et al. 1991; Goorin et al. 1984, 1991;
McCarville et al. 2001; Meyer et al. 1987; Saeter
et al. 1995; Tabone et al. 1994), there are numer-
ous reports that confirm that patients with late
relapses fared better. Improved survival has been
associated by prolonged recurrence-free interval
(RFI) (Ferrari et al. 2003; Hawkins and Arndt
2003; Korholz et al. 1998; Putnam et al. 1983;
Thompson Jr. et al. 2002), variably defined as
longer than 6 months (Putnam et al. 1983),
8 months (Ward et al. 1994), and 24 months

(Briccoli et al. 2010; Chou et al. 2005; Ferrari
et al. 1997, 2003; Hawkins and Arndt 2003). In a
study by Chou et al. (2005), patients who devel-
oped disease recurrence before 24 months after
primary diagnosis did significantly worse than
those who recurred after 24 months. In a separate
study, significantly higher disease-free survival
(DFS) and OS were associated with RFI of
>24 months (Hawkins and Arndt 2003). Bricolli
et al. (2010) demonstrated that the EFS was sig-
nificantly correlated with relapse interval, great-
est in patients with >24 months RFI, followed by
RFI 12-24 months, and the least in patients with
RFI <12 months. This is in accordance to out-
come data reported by Duffaud et al. (2003)
(n=24) and Harting et al. (2006) (n=137).
Unfortunately, even in patients who develop late
relapse, the survival curve does not reach a pla-
teau, and the ultimate course of disease tends to
be relentless in most cases (Kempf-Bielack et al.
2005). Surgery and second CR were more likely
to have been reported in patients with late or soli-
tary relapses than in others (p<0.001) (Chou
et al. 2005).

14.1.3.2 Location of Recurrence
Lung

Solitary Versus Multiple Recurrence

In the COSS series of 576 patients (Kempf-
Bielack et al. 2005), 39 % had solitary versus
36 % bilateral lung recurrence. Several earlier
studies indicate that the number of pulmonary
nodules detected at first relapse did not corre-
late with survival (Carter et al. 1991; Chou
et al. 2005; Goorin et al. 1984, 1991; Tabone
et al. 1994). However, there is significant evi-
dence that suggests patients with multiple
lesions fared worse than those with solitary
relapses (Chou et al. 2005; Duffaud et al. 2003;
Ferrari et al. 2003; Hawkins and Arndt 2003;
Meyer et al. 1987; Putnam et al. 1983; Saeter
et al. 1995; Thompson et al. 2002; Ward et al.
1994). Solitary pulmonary recurrence was
associated with improved DFS and survival
rates compared to multiple pulmonary nod-
ules, likely because isolated pulmonary recur-
rence achieved a second complete remission
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(CR2) rate of 83 % (Hawkins and Arndt 2003),
similar to other reported rates (Carter et al.
1991; Ferrari et al. 2003; Goorin et al. 1984;
Pastorino et al. 1991; Putnam et al. 1983;
Rosenburg et al. 1979; Saeter et al. 1995;
Tabone et al. 1994).

Unilateral Versus Bilateral Recurrence

In the COSS study (Kempf-Bielack et al. 2005),
about 50 % had unilateral and 50 % had bilateral
disease. In some studies (Carter et al. 1991; Chou
et al. 2005; Goorin et al. 1984, 1991; Pastorino
et al. 1991; Tabone et al. 1994), bilateral lung
recurrence did not significantly correlate with
survival (22 % versus 54 % p=0.14). In contrast,
presence of metastatic nodules in both lungs sig-
nificantly correlated with poor survival (Hawkins
and Arndt 2003; Kempf-Bielack et al. 2005;
Saeter et al. 1995; Ward et al. 1994). Again, this is
likely due to amenability to surgical local control
in unilateral disease versus bilateral recurrence.

Pleural Involvement

Pleural metastases in patients with osteosarcoma
may occur via two mechanisms, direct contact of
pleura with metastatic lesions in the lungs and/or
hematogenous spread of osteosarcoma. In gen-
eral, pleural involvement of underlying cancer
confers worse prognosis. This may be due to the
relative difficulty of addressing surgical local
control of pleural metastases and possible
decreased distribution of chemotherapeutic
agents to the pleura. Of note, early relapses to the
lungs tend to disrupt the pleura (Kempf-Bielack
et al. 2005; Saeter et al. 1995). In a study by
Kempf-Bielack et al. (2005), the incidence of
pleural disruption was noted at 11 %, and patients
with pleural disruption by lung metastases fared
worse than those without (p <0.0001).

Other Prognostic Factors After Lung Relapse

In a large study of patients with extremity osteo-
sarcoma with pulmonary involvement, either
with recurrent disease or at initial presentation
(Briccoli et al. 2010), it was found that outcome
significantly correlated with tumor stage at
presentation. The 5 year EFS for patients with
localized disease who later relapsed in the lungs
was 36 % versus those with resectable lung

metastases at presentation 9 % (p<0.0001).
Outcome also significantly correlated with the
presence of local recurrence in addition to lung
metastases (p=0.019). The number of thoracoto-
mies performed in a single patient also correlated
with outcome, with 5 year EFS of 38 % for
patients who had only one thoracotomy versus
8.5 % in patients who had two or more thoracoto-
mies (p<0.0001). Of note there was no differ-
ence between two or three thoracotomies versus
four or five (p=0.29). Interestingly in this study,
second-line salvage chemotherapy after relapse
did not have an impact on outcome.

Other Metastatic Sites

Extrapulmonary recurrence is often believed to
carry a grave prognosis, particularly distant bone
recurrence of osteosarcoma (Tabone et al. 1994;
Ward et al. 1994). Ferrari et al. (1997) reported
no surviving patients among four patients with
bone recurrence. In a subsequent study by Ferrari
(Ferrari et al. 2003), the 5-year post-recurrence
survival was 11 % in 37 patients with extrapul-
monary recurrence, most of whom had distant
bone recurrence.

In contrast, the COSS series (Kempf-Bielack
et al. 2005) results imply that it is not the extra-
pulmonary site, but rather the high likelihood that
extrapulmonary metastases are part of a dissemi-
nated disease process that leads to this impres-
sion. Recent reports have demonstrated that
metachronous osteosarcoma limited to distant
bone is not associated with a bleak prognosis
(Aung et al. 2003; Jaffe et al. 2003; San-Julian
et al. 2003). Multimodal therapy may have con-
tributed to the survival of patients with extrapul-
monary recurrences, as was noted by Hawkins
et al. (Hawkins and Arndt 2003) where 20 % of
patients with distant bone recurrence, either ini-
tial or subsequent recurrence, survived without
active disease. The location and number of
lesions cannot be viewed independently from
resectability. There are long-term survivors
exclusively among patients who achieved a sec-
ond surgical remission (Carter et al. 1991;
Duffaud et al. 2003; Ferrari et al. 2003; Goorin
et al. 1984, 1991; Hawkins and Arndt 2003; Huth
and Eilber 1989; Putnam et al. 1983; Saeter et al.
1995; Tabone et al. 1994; Ward et al. 1994).
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14.1.3.3 Ability to Achieve Surgical
Remission

Ability to achieve complete surgical control of
disease is required for cure. The most important
factor associated with prolonged survival was the
achievement of second remission (CR2) via com-
plete surgical excision. In the COSS series
(Kempf-Bielack et al. 2005), failure to do surgery
was the strongest negative prognostic factor for
the entire cohort (any surgery p<0.0001, macro-
scopically complete surgery p<0.0001). The
4-year survival rate was 33 % for patients who
achieved CR2 with a median survival period of
31 months versus 0 % survival rate and median
survival period of 7.4 months in patients without
CR2 (p<0.001) (Hawkins and Arndt 2003). In a
separate study, complete resection of all disease
sites is correlated with survival (26 % versus
17 %, p=0.05) (Chou et al. 2005). Inability to
achieve surgical CR2 was associated with excep-
tionally poor outcome in other studies, with OS
rates from 0 % to 8 % (Carter et al. 1991; Ferrari
et al. 2003; Pastorino et al. 1991; Putnam et al.
1983; Saeter et al. 1995; Strauss et al. 2004).

14.1.4 Outcome After Relapse

Overall survival after osteosarcoma recurrence is
<30 % (Bacci et al. 2001; Chi et al. 2004; Ferrari
et al. 1997; Meyers et al. 1998; Strauss et al.
2004). Chou et al. (2005) reported in a cohort of
43 patients, the OS at 36 months was 35 %,
relapse-free survival (RFS) 14 %, and average
survival for patients treated with both chemother-
apy and surgery was 29.6 months. In the COSS
series (Kempf-Bielack et al. 2005), post-relapse
actuarial OS at 5 and 10 years was 0.23 and 0.18,
respectively. The median time to second relapse
in 249 of 339 patients that were surgically
disease-free was 0.8 year, shorter than the first
relapse-free interval. The median survival was
1.2 years for all patients and 4.2 years for 148
survivors, whereby 82 patients were in CR2 with
EFS 0.13 and 0.11 at 5 years and 10 years,
respectively. In this cohort of patients, eventually
only 37 were alive at the conclusion of the study,
with 24 in CR3, 7 in CR4, 4 in CR5 4, 1 in CR7,
and 1 in CRS.

Hawkins and Arndt (2003) reported, in a study
with 59 patients, that the overall 4y OS was 23 %
and 4-year disease-free survival (DFS) was 6 %.
The discrepancy between DFS and survival rates
for the entire study (6 % versus 23 %) and for
patients with isolated pulmonary recurrence who
achieved CR2 (7 % versus 28 %) showed the high
probability of second disease recurrence. Despite
the ability to achieve CR2, most patients with
recurrent OS developed other disease recurrence.
DFS analysis also demonstrated that the time to
second disease recurrence was rapid at a median
of 8.8 months after achieving CR2 in patients
with isolated pulmonary recurrence.

In the Bricolli et al. study (Briccoli et al. 2010)
of 323 extremity osteosarcoma patients with
either resectable lung metastases at diagnosis or
localized disease who relapsed with resectable
lung metastases, 29 % were alive and disease-
free, 4 % were alive with controlled disease, and
67 % died from progressive disease. The 5 year
OS was 37 %. Other studies confirm poor overall
prognosis of recurrent osteosarcoma, with an OS
rate after recurrence ranging from 13 to 57 %
(Baccietal. 2001; Carter et al. 1991; Ferrari et al.
1997; Goorin et al. 1984, 1991; Kempf-Bielack
et al. 2005; Martini et al. 1971; Pastorino et al.
1991; Putnam et al. 1983; Rosenburg et al. 1979;
Saeter et al. 1995; Spanos et al. 1976; Tabone
et al. 1994; Ward et al. 1994).

The most common cause of death in patients
with relapsed osteosarcoma is progressive dis-
ease (Briccoli et al. 2010; Chou et al. 2005;
Hawkins and Arndt 2003; Kempf-Bielack et al.
2005). In minority of cases, other causes impli-
cated were sepsis/multiorgan failure, ARDS,
perioperative complications, thromboembolic
events, cardiomyopathy, pulmonary fibrosis, and
treatment-associated AML/MDS (Chou et al.
2005; Kempf-Bielack et al. 2005).

14.1.5 Therapeutic Approach

14.1.5.1 General Approach

More than 90 % of patients with osteosarcoma
had already been exposed to at least three of the
agents considered most active against the disease:
high-dose methotrexate, doxorubicin, cisplatin
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and ifosfamide. Majority of patients receive
multi-agent chemotherapy in combination with
aggressive surgery for treatment at relapse. The
treatment for isolated pulmonary recurrence var-
ied, most frequently involving surgery alone, or
in combination with chemotherapy. The treat-
ment of second disease recurrence was highly
variable: surgery alone, surgery in combination
with chemotherapy or a novel agent via enroll-
ment in a trial, surgery plus radiation therapy or
palliative therapy (Briccoli et al. 2010; Chou et al.
2005; Hawkins and Arndt 2003; Kempf-Bielack
et al. 2005). For repeated relapses, use of second-
line salvage chemotherapy with drugs not used in
previous treatments or with the same drugs used
at higher doses (methotrexate, ifosfamide), par-
ticularly when metastatic pattern suggests a par-
ticularly aggressive tumor behavior (i.e., patients
with metastases at diagnosis, less than 2 years
disease-free interval from the beginning of any
treatment and first relapse, multiple lung metasta-
ses, or when complete surgical removal of all
tumor was not feasible) (Briccoli et al. 2010).

14.1.5.2 Surgical Approach

Importance of Surgical Local Control

Ability to achieve complete surgical control of dis-
ease is required for cure (Briccoli et al. 2010; Chou
et al. 2005; Ferrari et al. 2003; Goorin et al. 1991;
Hawkins and Arndt 2003; Kempf-Bielack et al.
2005; Saeter et al. 1995). The general approach for
late recurrence and presence of a solitary meta-
static lung nodule is to do surgery alone (Chou
et al. 2005). Hawkins and Arndt (2003) showed
that for patients with solitary pulmonary recur-
rence, surgical resection alone provided a better
4-year survival compared with chemotherapy in
addition to surgery (47 % versus 13 %, p=0.005),
and DFS rate was similar for patients treated with
either surgery alone or surgery with chemotherapy.
A subgroup analysis of patients with completely
excised isolated pulmonary recurrence showed a
superior 5-year survival with surgery alone, com-
pared with surgery and second-line chemotherapy.
For patients with short RFI, 5-year survival rate
was 30 % with surgery alone versus 6 % with sur-
gery and second-line chemotherapy (p=0.0001).

For patients with one or two pulmonary nodules,
S-year survival rate of 65 % was noted with sur-
gery alone versus 30 % with surgery and second-
line chemotherapy (p=0.02). This may be due to
selection of patients with recurrence amenable to
surgical local control only salvage strategies ver-
sus patients who have disseminated disease at
relapse who were deemed to require systemic che-
motherapy for disease control.

Among treatment-related variables, surgery
and a second surgical CR were correlated with
improved OS (p<0.0001), and failure to achieve
second surgical remission was the strongest neg-
ative prognostic factor for the entire cohort
(Kempf-Bielack et al. 2005). About 25 % of
patients who relapsed with lung-only metastases
could become long-term survivors and perhaps
also be definitely cured by thoracic surgery alone
or in combination with chemotherapy.

Durable remissions have been achieved in
patients who experience two or more lung relapses.
Bricolli et al. (2010) reported that among 323
patients with relapsed osteosarcoma, complete
remission rate was 26 % for patients who had one
relapse only and 18 % for patients who had four
relapses (p=0.79). Of the five patients who had
five relapses, one is alive and disease-free 5 years
from last relapse. In another study, 30 % (10 out of
33) remained in complete remission at a median
follow-up of 34 months from surgery of metastatic
lung nodules (Duffaud et al. 2003). In addition,
Tabone et al. (1994) showed that 31 % (13 out of
42) were in complete remission after repeated sur-
geries at a median follow-up of 39 months. These
studies showed that all patients in complete remis-
sion at the last follow-up had a complete surgical
resection of all metastatic tumor tissue, but those
who were not operated or only had a trial removal
of disease did not survive (Briccoli et al. 2010;
Duffaud et al. 2003; Tabone et al. 1994). Several
series including Hawkins and Arndt (2003) and
Bricolli et al. (2010) have shown the curative
potential of pulmonary metastasectomy, with or
without further adjuvant therapy.

Variable Reported Outcomes After Surgery
There are different possible reasons for variable
reported outcomes after surgery in patients with



14 Recurrent Bone Tumors

227

recurrent osteosarcoma. First, the definition of
complete resection varies, and often a loose crite-
ria for complete remission (CR) in different stud-
ies is used. In a study by Goorin et al. (1984), a
much more stringent criteria for CR was used:
complete removal of macroscopic disease, nega-
tive margins, and no histologic evidence of pleu-
ral disruption by tumor. The use of such rigid
criteria narrows down considerably the number
of patients assumed to have achieved a second
CR, possibly allowing a better definition of the
subgroup from which survivors will originate
(Kempf-Bielack et al. 2005). Second, threshold
for resectability varies per institution and sur-
geon’s experience. In a large study (Briccoli et al.
2010), criteria for resectability of metastatic lung
lesions included primary tumor under control, no
pleural or pericardial effusions, no metastasis in
other organs besides the lungs, and complete
resectability leaving adequate residual pulmo-
nary functions. These variables likely contribute
to the variability of outcome in relapsed patients
following surgery.

14.1.5.3 Chemotherapy

Unclear Role of Chemotherapy in Relapse
Setting

Unlike in the treatment for primary disease, the
role of chemotherapy in the setting of disease
recurrence has been less clear as that of surgery.
Although the benefit of multi-agent chemother-
apy in addition to complete resection of all areas
of tumor involvement has been proven in the ini-
tial therapy of OS in a randomized trial (Link
et al. 1986), there has been no randomized study
evaluating the benefit of chemotherapy after
osteosarcoma recurrence.

Many investigators consider patients who
relapse after completing modern chemotherapy
resistant to further systemic treatment (Goorin
et al. 1984; Pratt et al. 1987). Several studies
(Ferrari et al. 2003; Pastorino et al. 1991; Tabone
et al. 1994), have shown there was no benefit or
observed difference in survival after second-line
chemotherapy in the setting of relapse. In a large
study (Briccoli et al. 2010), second-line salvage
chemotherapy did not influence outcome, with

EFS of 23 % for those who received chemother-
apy (n=111) versus 27 % for those who were
treated with surgery alone (n=212) (p=0.42).
There are factors that complicate the analysis
of the published literature regarding DFS and
survival after osteosarcoma recurrence which
make interpretation of impact of chemotherapy
not well defined. First, in the past, chemotherapy
given to patients who received neoadjuvant or
adjuvant treatments often differed significantly
from regimens used currently, including rela-
tively inactive or non-intensive agents (Goorin
et al. 1984; Gorlick and Meyers 2003; Pastorino
et al. 1991; Putnam et al. 1983; Rosenburg et al.
1979; Schaller et al. 1982; Tabone et al. 1994,
Ward et al. 1994). Second, most series only
reported survival rates, and very few reported
DFS or EFS after disease recurrence (Ferrari
et al. 2003; Goorin et al. 1991; Tabone et al.
1994) making it difficult to evaluate impact of
chemotherapy. Third, in many series, the number
of patients treated with second-line chemother-
apy was too small to draw conclusions regarding
its impact on survival (Ellis et al. 1997; Rosenburg
et al. 1979). More importantly, some series
(Schaller et al. 1982; Spanos et al. 1976; Temeck
et al. 1995) included selected cohorts of patients
amenable to surgical excision, thereby excluding
patients with unresectable, and therefore unfa-
vorable, recurrent tumors. The superior surgical
survival rates observed for patients treated with
surgery alone were likely due to biased use of
chemotherapy in patients with marginally excised
or difficult to resect tumors, early or multiple
recurrences, or short relapse-free interval
(<1 year) (Chou et al. 2005; Hawkins and Arndt
2003). Because of these limitations, an unambig-
uous conclusion regarding the role of second-line
chemotherapy could not be drawn.

Evidence to Support Chemotherapy

When primary mode of treatment for osteosar-
coma involved surgery alone, most patients
recurred in the lungs within 12 months (Friedman
and Carter 1972). Introduction of chemotherapy
has greatly improved prognosis for these patients
(Fuchs et al. 1998; Goorin et al. 1991; Jaffe et al.
1983; Link et al. 1986; Longhi et al. 2006; Saeter
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et al. 1995). Moreover, the incorporation of che-
motherapy to treatment of osteosarcoma has
made DFS significantly longer and the number of
lung metastases significantly lower compared to
patients treated with surgery alone (Fuchs et al.
1998; Longhi et al. 2006; Saeter et al. 1995). This
relapse pattern change seems to indicate a partial
effect of combined chemotherapy, which may
also benefit patients who relapsed (Briccoli et al.
2010). The adjuvant effect of chemotherapy is
much less obvious than that of first-line treatment
and may be easily missed when analyzing small
cohorts. There might be some selection bias, as
chemotherapy efficacy may have been underesti-
mated as the patients who received chemotherapy
were more likely to have presented with more
extensive recurrences.

Several studies have demonstrated the possi-
ble benefit of second-line chemotherapy in the
relapse setting. In a study by Saeter et al. (1995),
survival improved in those patients (n=60) with
recurrent disease who received “adequate” che-
motherapy, defined as receiving at least one agent
to which the patient had not been previously
exposed or a dose escalation of methotrexate, in
addition to surgery.

It seems that impact of chemotherapy is a bit
more obvious in patients who have not achieved
second surgical remission. In the Cooperative
Osteosarcoma Study Group (COSS) study
(Kempf-Bielack et al. 2005), the use of chemo-
therapy is correlated with overall survival for
patients who did not achieve a second complete
remission (p=0.0001). It was also noted in this
study that chemotherapy use also was found to
correlate with event-free survival for patients
who were able to achieve a CR2 (p=0.016).
When multidrug chemotherapy was compared
with no chemotherapy or single-agent chemo-
therapy, multidrug chemotherapy is correlated
with overall survival in the total cohort
(»=0.012). The use of second-line chemother-
apy is correlated with good response to first-line
chemotherapy (p=0.022), multiple lesions at
relapse (p=0.001), and bilateral pulmonary
involvement (p=0.001), but not the time to
relapse (p=0.953). Most patients treated without
chemotherapy for a first relapse will undoubt-
edly receive chemotherapy for subsequent recur-

rences, and analysis of overall survival compare
immediate with delayed chemotherapy rather
than chemotherapy with observation. This bias
does not apply to analyses of event-free survival,
which stop at second recurrence. By performing
such analysis, in this study Kempf-Bielack et al.
(2005) were able to expand previous observa-
tions of a positive correlation between second-
line chemotherapy and outcome to patients
achieving a second surgical remission, suggest-
ing an adjuvant effect, albeit limited, even in
these heavily pretreated patients.

Ferrari et al. (2003) showed that in 162
patients with relapsed osteosarcoma, chemo-
therapy was given when surgical remission was
not achievable or when pattern of disease recur-
rence suggested a particularly aggressive tumor.
This study concluded that for the majority of
patients in whom surgical remission was
achieved, the use of second-line chemotherapy
did not affect survival. However, for those
patients who were not able to achieve surgical
remission, the use of chemotherapy was found to
increase survival.

Systemic Agents

Ifosfamide + Etoposide

Ifosfamide is an oxazaphosphorine nitrogen mus-
tard that has proven activity as a single agent
against a variety of neoplasms, including bone
(Carli et al. 2003). In adults, it is clinically active
in advanced soft tissue sarcoma, with higher
response rates achieved using higher doses.
Interestingly, high-dose ifosfamide has also been
proven effective in patients previously treated
with conventional dose ifosfamide (Elias et al.
1990; Le Cesne et al. 1995; Palumbo et al. 1997;
Patel et al. 1997). In a phase I and II combination
studies with other agents, ifosfamide has signifi-
cant activity in recurrent or metastatic osteosar-
coma (Goorin et al. 2002; Miser et al. 1987), with
objective responses reported in 30-50 % (Miser
et al. 1987).

Since high-dose ifosfamide was found to have
increased response rate in patients with osteosar-
coma (Goorin et al. 2002), the 2.8 g/m?¥
day x5 days with mesna has become widely used
by pediatric oncologists. Often, etoposide is
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added at a dose of 100 mg/m?/day x5 days (Chou
et al. 2005). The response rate to ifosfamide and
etoposide regimen is 38 % (Miser et al. 1987).
Ifosfamide can also be given as a prolonged
14-day infusion which was found to be well toler-
ated in pediatric patients with favorable toxicity
profile, not requiring hospitalization for adminis-
tration and thereby promoting patient’s QOL as
well as decreasing cost. A response rate of 35 %
in heavily pretreated patients is a promising find-
ing, even in patients who were already previously
treated with ifosfamide (Meazza et al. 2010). This
study reported very low incidence of nausea, no
encephalopathy or renal toxicity, low incidence
of bladder toxicity, and reduction in cytopenias.

MTP-PE

Muramyl tripeptide phosphatidylethanolamine
(MTP) is a nonspecific immunomodulator that
is a synthetic analogue of a component of bacte-
rial cell walls. Incorporation of MTP into lipo-
somes has allowed targeted delivery of this
agent to monocytes and macrophages in areas
such as the lungs, activating these cells to be
tumoricidal (Chou et al. 2009). Preclinical mod-
els in mice and canine osteosarcoma have con-
firmed antitumor effects of MTP (Anderson
2006; Asano and Kleinerman 1993; Kleinerman
et al. 1993; MacEwen et al. 1989; Nardin et al.
2006). Moreover, concurrent administration of
chemotherapy does not interfere with antitumor
effects of MTP (Kleinerman et al. 1995; Meyers
et al. 2005).

In a study by Meyers et al. (2005), patients
with newly diagnosed metastatic osteosarcoma
(n=677) were randomly assigned to receive or
not to receive ifosfamide and/or MTP in a 2x2
factorial design, in addition to standard chemo-
therapy (methotrexate, doxorubicin, and cispla-
tin). The 3y EFS for patients treated with standard
arm of therapy, addition of MTP to standard
therapy, addition of ifosfamide to standard ther-
apy, and addition of both ifosfamide and MTP
were 71 %, 68 %, 61 %, and 78 %, respectively.
There was an observed interaction between the
addition of ifosfamide and addition of MTP. From
this study, it was concluded that the addition of
MTP to chemotherapy might improve EFS. A
follow-up analysis (Meyers et al. 2008) showed

no evidence of interaction of ifosfamide and
MTP, and both chemotherapy regimens resulted
in similar EFS and OS. The addition of MTP to
chemotherapy resulted in a statistically signifi-
cant improvement in OS (6y OS increased from
70 to 78 %, p=0.03) and a trend toward better
EFS (p=0.08).

Anaccessstudy (MTP-OS-403,NCT00631631)
(Anderson et al. 2014a) for MTP in patients with
relapsed and/or recurrent osteosarcoma was done
after initial approval by the European Medical
Agency and at the request of the US Food and
Drug Administration. This study also helped better
define pharmacodynamics, pharmacokinetics, and
safety profile of this drug in osteosarcoma.
Resection of recurrence or metastases was encour-
aged but was not required for study entry.
Concurrent chemotherapy was also allowed.
Greater than or equal to grade 3 toxicity attributed
to MTP was far less common than those attributed
to chemotherapy. Among 50 patients whose dis-
ease was completely resected, >50 % remained
alive more than 2 years from study entry. Many of
these patients had already received >2 lines of
therapy. MTP is currently available in Europe,
Mexico, South Korea, Switzerland, and Israel for
nonmetastatic osteosarcoma.

Gemcitabine/Docetaxel

Gemcitabine is a difluorinated deoxycytidine
analogue, which is taken up by cells and depletes
deoxynucleotide stores and interferes with DNA
elongation and ultimately DNA synthesis.
Docetaxel is a semisynthetic analogue of pacli-
taxel, a taxane, which stabilizes microtubules
against depolymerization resulting in cell cycle
arrest and apoptosis.

In phase 1 and 2 trials with gemcitabine alone
(Reid et al. 2004; Wagner-Bohn et al. 2006), dis-
ease stabilization was reported in 4 of 13 patients
with osteosarcoma. Modest responses in patients
with Ewing sarcoma, rhabdomyosarcoma, and
osteosarcoma have been observed with docetaxel
as a single agent (Blaney et al. 1997; Seibel et al.
1999; Zwerdling et al. 2006). In a phase 2 trial of
docetaxel (125 mg/m? every 21 days) in 55 patients
with recurrent bone and soft tissue sarcomas, there
were 6 objective responses, 2 of which have under-
lying osteosarcoma (Zwerdling et al. 2006).



230

J. Lagmay and N.D. Yeager

Combination of gemcitabine and docetaxel
was proven to be synergistic in terms of antitumor
activity against different cell lines, including
osteosarcoma cells (Leu et al. 2004; Ricotti et al.
2003). In a retrospective case review, 22 patients
with recurrent or refractory bone or soft tissue sar-
coma were given gemcitabine (675 mg/m? IV on
days 1 and 8) and docetaxel (75-100 mg/m? IV on
day 8) (Navid et al. 2008a). Osteosarcoma was the
most common diagnosis in this cohort (n=18). Of
the 14 patients evaluable for response, 3 patients
with osteosarcoma achieved a partial response
and 1 had stable disease. The overall objective
response rate (CR+PR) was 29 %. Median dura-
tion of response was 4.8 months (1.6—13 months).
Toxicity was manageable, primarily thrombocyto-
penia and neutropenia. The authors concluded
that this combination demonstrated antitumor
activity, especially against recurrent or refractory
osteosarcoma. Response Evaluation Criteria in
Solid Tumors (RECIST) showed shrinkage or sta-
bilization of tumor in heavily pretreated patients
with osteosarcoma and compared favorably with
ifosfamide and cyclophosphamide/etoposide regi-
mens (Miser et al. 1987; Rodriguez-Galindo et al.
2002b; Van Winkle et al. 2005).

In a phase II trial through Sarcoma Alliance
for Research Collaboration (SARC), gemcitabine
(675 mg/m? IV on days 1 and 8) and docetaxel
(75-100 mg/m? IV on day 8) were given every
21 days in children and adults with recurrent ES,
osteosarcoma, or unresectable or recurrent chon-
drosarcoma (Fox et al. 2012). Out of 53 evaluable
patients, there were no complete responses
observed, and partial responses included 1 (out of
14) osteosarcoma, 2 (out of 14) ES, and 2 (out of
25) chondrosarcoma patients. For this study,
gemcitabine and docetaxel combination was
associated with the probability of reaching the
target of 35 % response rate <5 % in osteosar-
coma and 5.6 % in EWS.

14.1.5.4 Other Local Control Measures

Radiation Therapy (RT)

Traditionally, osteosarcoma has been considered
a relatively radioresistant neoplasm. Viable
tumor cells have been observed in surgical speci-

men after a dose of 60-70 Gy or more (Cade
1955; de Moor 1975). In contrast, there is evi-
dence of a direct relationship between radiation
dose and percent tumor necrosis (DeLaney et al.
2005; Gaitan-Yanguas 1981).

Delaney et al. (2005) reviewed 41 patients
who received RT for osteosarcoma that was unre-
sected or resected with positive margins. Local
control was achieved in 78.4 % for patients with
gross total resection, 77.8 % who had subtotal
resection, and 40 % for those who had biopsy
only. Control is also correlated with radiation
dose, and a dose of >55 Gy achieved 71 % local
control versus in <55 Gy only 53.6 % local con-
trol rate. This study concluded that RT can help
provide local control of osteosarcoma for patients
in whom surgical resection with widely negative
margins is not possible. RT was specifically noted
to be effective in situations in which microscopic
or minimal residual disease is being treated.

Machak et al. (2003) determined the effective-
ness of radiation therapy for local control of non-
metastatic osteosarcoma of the extremities after
induction chemotherapy. Thirty-one patients
refusing surgical local control were treated with
neoadjuvant chemotherapy followed by standard
fractionated external beam radiotherapy with
median dose 60 Gy. The 5 year OS was 61 %,
local progression-free survival 56 %, and
metastases-free survival 62 %. Local treatment
failure occurred median time of 18 months. As
with DeLaney et al. (2005), the incidence of local
relapse was higher when the dose was <50 Gy
than those with >50 Gy. No definite correlation
was found between the rate of local failure and
regimen of fractionation. The outcome is corre-
lated significantly with imaging and biochemical
surrogate markers (alkaline phosphatase). Of
note, survival probability was largely determined
by whether a patient’s tumor responded to the
induction of systemic therapy. In the COSS series
(Kempf-Bielack et al. 2005), RT was almost
exclusively administered to patients failing to
achieve a second CR. RT was associated with
prolonged survival only in the subgroup without
a second CR (p=0.0001).

Nowadays, there are multiple and advanced
ways of delivering RT. Intensity-modulated RT
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(IMRT) has the potential to deliver higher doses
to the tumor bed while sparing adjacent organs.
This can be used for primaries in the pelvis, ver-
tebrae, and chest wall. Another mode of deliver-
ing RT is with protons. Ciernik et al. (2011)
demonstrated that high dose proton therapy
allowed locally curative treatment for some
patients with unresectable or incompletely
resected osteosarcoma. After a median dose of
68.4 Gy, local control after 3 years and 5 years
was 82 % and 72 %, respectively, with distant
failure rate of 26 % after 5 years. In this study, the
S-year DFS was 65 % and OS 67 %. The extent
of surgical resection did not correlate with the
outcome. Risk factors for local failure were >2
grade disease (p<0.0001) and total treatment
length (p=0.0008).

The effectiveness of the conventional, frac-
tionated radiotherapeutic approach is probably
limited by tumor cell repair of sublethal radiation
injury and a relatively high fraction of hypoxic
tumor cells (van Putten 1968; Weichselbaum
et al. 1977). To overcome these causes, radiation
is combined with various radiosensitizers
(Kinsella and Glatstein 1987; Martinez et al.
1985). Radiotherapy combined with chemother-
apy has been used in animal and human osteosar-
coma to enhance local control over that achieved
with radiation therapy alone (Caceres et al. 1984;
Withrow et al. 1993). Concurrent use of ifos-
famide during RT has been the standard of care
for patients with Ewing sarcoma. Caceres
(Caceres et al. 1984) was able to show complete
tumor devitalization on 80 % of patients with
osteosarcoma treated with high-dose methotrex-
ate, doxorubicin, and 60 Gy of RT. Chemotherapy
agents that combine systemic osteosarcoma con-
trol and also increase radiation effectiveness
include ifosfamide, cisplatin, high-dose metho-
trexate, and gemcitabine (Leu et al. 2004).
Gemcitabine, an active drug against a variety of
sarcomas, is a potent radiosensitizer. Concen-
trations of 1,000-fold lower than typical plasma
levels can be effective (Joschko et al. 1997,
Lawrence et al. 1997), when given at least 2 hours
prior to radiation with an effect lasting up to
48-60 hours after a dose (Wilson et al. 2006).
Severe radiation recall is rare with gemcitabine

compared to anthracyclines and taxanes, and
might involve proinflammatory cytokine produc-
tion (Friedlander et al. 2004).

There is evidence that chemotherapy mark-
edly improves the effectiveness of local control
using RT (Anderson 2003; Machak et al. 2003).
In addition, there is also data that radiation dose
required for adequate osteosarcoma control is
less when combined with chemotherapy. In
canine osteosarcoma, the radiation dose pre-
dicted to cause 90 % tumor necrosis when radia-
tion was given with cisplatin was 36 Gy, but
needed 50 Gy when radiation was given alone
(Withrow et al. 1993). Mahajan et al. (2008) ana-
lyzed the exposure of 39 high-risk metastatic
and/or recurrent osteosarcoma during consecu-
tive 20 months. The median radiation dose was
30 Gy in 10 fractions. Chemotherapy was used in
80 % of radiotherapy courses. Their results con-
firmed that external beam radiotherapy with
systemic treatment may provide a successful
multimodality approach to local control and
symptom relief.

In summary, RT can reduce the likelihood
of positive margins and can be given after sur-
gery if there are close or positive margins. RT
is an option for patients with unresectable or
incompletely resected tumors, for patients who
refuse surgery, and for palliation of symptom-
atic metastases (DeLaney et al. 2005; Schwarz
et al. 2009).

Thermal Ablation
The term “tumor ablation” refers to the destruc-
tion of tumor tissues in situ. The use of thermal
extremes to ablate the tumor has been used widely
in specific clinical scenarios. Lesions must be
detectable using CT or ultrasound (>1 cm) and
not so large (<5 cm) that heating and freezing
uniformaly within lesion become difficult.
Radiofrequency ablation (RFA) is used to
coagulate and destroy tumor tissue by direct
application of radiofrequency (RF)-generated
heat. An RF probe is placed into the tumor, and
an RF generator is used to deliver high-fre-
quency (375-480 Hz) alternating current to gen-
erate heat within the tumor to temperatures
above 60 °C. After access is obtained, percuta-



232

J. Lagmay and N.D. Yeager

neous delivery of thermal energy is used to
destroy the tumor. The necrotic tissue is then
resorbed and eliminated by the body. RFA
requires anesthesia, but with short recovery time
of 1-2 days (Rybak 2009).

Traditionally, symptomatic bone metastases
have been addressed with chemotherapy and/or
radiation with surgery reserved in cases of
impending pathologic fracture. Not all lesions
however are amenable to these first-line thera-
pies. Lack of tumor sensitivity or an unacceptable
risk of damage to adjacent organs may obviate
the use of these treatment methods. For many
patients, escalating use of opioids to treat pain
may be too debilitating. In these cases, RFA may
offer a minimally invasive alternative for local
control of disease and pain palliation. The main
goal of RF treatment of metastases for palliation
is the complete ablation of the tumor interface
with nearby tumor bone, as this is correlated
directly with level of pain relief (Goetz et al.
2004; Simon and Dupuy 2006). In one study
(Petsas et al. 2007), 95 % experienced decreased
pain that was considered clinically significant.

RFA has been demonstrated to be an effec-
tive method, especially in lesions <3 cm in sev-
eral adult malignancies. In a pilot study of 16
patients with recurrent pediatric solid tumors
including 8 refractory osteosarcomas with lung
metastases, Hoffer et al. (2009) was able to
demonstrate feasibility and safety of RFA. In a
later study (Saumet et al. 2014), 10 patients
enrolled with osteosarcoma in French Society
of Childhood Cancer centers had 22 treatment
to lung metastases <3 cm and >1 cm from the
large bronchi, trachea, and esophagus. Seven
had complete remission at last follow-up
(median 24 months after RFA), and none had
recurrence at RFA sites. Eight sessions were
done for bone lesions, and of three that were
curative intent, all were in remission for
>3 years. There are various other studies that
showed RFA to be beneficial in alleviating pain
from symptomatic metastases (Callstrom et al.
2006; Goetz et al. 2004; Rybak 2009; Santiago
et al. 2009).

Side effects associated with RFA include
immediate post-procedural hemoptysis and pneu-
mothorax, as well as a paradoxic increase in pain

up to the first week after RFA. Patients may have
post-ablation syndrome, characterized by general
malaise and fatigue believed to result from sys-
temic release of cytokines caused by tumor cell
death. Patients with lesions in the spine or in
weight-bearing areas such as the acetabulum may
be at risk for fracture.

On the other extreme, cryoablation involves
freezing the tumor to below —20 °C. Cell death is
induced by direct cellular injury involving forma-
tion of extracellular ice resulting in a relative
imbalance of solutes between the intra- and extra-
cellular environment, resulting in cellular dehy-
dration and damage to cell membrane and
enzymatic machinery (Baust and Gage 2005;
Robinson et al. 2001). Primary use of cryoabla-
tion is in palliation of bone metastases (Corby
etal. 2008) and primary bone tumors. Cryotherapy
has also been used where definitive surgery would
result in significant morbidity (i.e., hemipelvec-
tomy for a large pelvic lesion) or may be used as
a preliminary debulking measure thus allowing
more limited surgical resection.

14.1.6 Emerging Targets
and Therapies

14.1.6.1 Radionuclides

Samarium
Samarium-153 ethylenediamine tetramethylene
phosphonic acid (**Sm-EDTMP) is a bone-
seeking radiopharmaceutical designed to selec-
tively deliver radiation to osteoblastic skeletal
metastases (Anderson and Nunez 2007; Anderson
et al. 2002). The radioisotope '*Sm emits an
electron (beta particle) which induces targeted
cytotoxicity. Its photon emissions help with scin-
tigraphic imaging, thereby allowing both confir-
mation of agent localization and quantification of
the absorbed dose delivered to target lesions.
13Sm-EDTMP has been used in the treatment
of patients with high-risk recurrent or unresect-
able osteosarcoma. A phase I study found that up
to 30 mCi/kg could be administered with autolo-
gous stem cell support; the only significant toxic-
ity was myelosuppression (Anderson et al. 2002,
2005). In an effort to improve efficacy, Anderson
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et al. (2005) combined samarium with gem-
citabine, a radiosensitizer. Although some patients
achieved partial responses, none of these were
durable. In a dose-finding study (Loeb et al. 2009)
to see how much '3Sm-EDTMP can be given that
would allow hematopoietic recovery within
6 weeks without use of stem cell support in
patients with osteosarcoma bone metastases, the
maximally tolerated dose of **Sm-EDTMP was
1.21 mCi/kg with dose-limiting toxicity (DLT)
confined to hematologic toxicity, mainly platelet
recovery.

A phase 2 study reported safety and response of
high-risk osteosarcoma to tandem doses of
153Sm-EDTMP (37-51.8 MBg/kg followed by
222 MBqg/kg) and autologous stem cell rescue in a
cohort of heavily pretreated patients (Loeb et al.
2010). Nine patients were enrolled and six had dis-
ease stabilization; however, this was not consid-
ered a response, so the study was terminated early.
There was no correlation between positron emis-
sion tomography tumor uptake possibly from
tumor inflammation and absorbed dose or time to
progression. The median time to progression for
the entire group was 79 days. Interestingly, one
patient with disseminated lung and lymph node
disease had a prolonged period of progression-free
survival, and pulmonary nodules had >95 %
necrosis of his pulmonary nodules. Another
patient with pulmonary parenchymal disease also
had disease stabilization. These cases support the
idea that '*Sm-EDTMP is cytotoxic to extraosse-
ous disease.

Aside from nonselective toxicity to the bone
marrow, another limitation of *Sm-EDTMP is
the significant variability of tumor absorbed dose
(Anderson et al. 2002, 2005; Loeb et al. 2009).
To circumvent this problem, it would be ideal to
administer an individually targeted tumoricidal
absorbed dose of the pharmaceutical. Another
option is to combine '3Sm-EDTMP with a vas-
cular disrupting agent or a radiosensitizer. In
addition, this may have limited efficacy for large
tumors since a beta particle such as '3*Sm-EDTMP
has short path length, meaning that large areas of
the tumor are inadequately treated. To augment
the effect may need delivery of external beam
radiation. Further investigation of this novel form
for biophysically targeted therapy is warranted.

Radium

Another investigational bone-seeking radiophar-
maceutical is radium (***Ra). Compared to ***Ra
which was initially evaluated for internal radio-
therapy, ?’Ra has favorable decay characteristics,
and radon daughter decay is rapid (4 s) providing
much less of a chance of “off target” radon diffu-
sion (Anderson et al. 2014b). Experience with
23Ra in phase I (Nilsson et al. 2005) and phase II
trials in patients with metastatic prostate cancer
confirmed excellent activity against bone metas-
tases and a low toxicity profile (Nilsson et al.
2007). In a phase III prostate cancer trial with
809 patients, **Ra significantly improved overall
survival (p=0.002) (Parker et al. 2013). It was
also associated with low myelosuppression rates
and fewer adverse events.

Radium should be suitable for use in combina-
tion with chemotherapy because of its higher
therapeutic index (low bone marrow toxicity,
higher effect on malignant forming cells) than
153Sm-EDTMP. There is currently an ongoing
phase I dose escalation of monthly intravenous
233Ra dichloride in osteosarcoma (NCT01833520,
clinicaltrials.gov).

14.1.6.2 Novel Delivery Systems

Inhaled Cisplatin (SLIT™ Cisplatin)

Inhalation therapy has potential advantages in the
treatment of patients with pulmonary metastatic
disease. Inhaled liposomal cisplatin has pharma-
cokinetic properties that maximize lung tissue
delivery of cisplatin with minimal systemic expo-
sure. Cisplatin is one of the most active agents in
osteosarcoma and when encapsulated in lipo-
somes limits its undesired side effects like neph-
rotoxicity, myelosuppression, ototoxicity, and
nausea/vomiting (Wittgen et al. 2007). A study
using inhaled lipid cisplatin (ILC) in 19 patients,
administered via nebulizer every 2 weeks, and
whenever possible metastasectomy was under-
taken after 2 treatments (Chou et al. 2013).
Eleven patients had bulky disease, and all pro-
gressed prior to cycle 7, while three of eight
patients who had less bulky disease (<2 cm) had
sustained benefit. This was well tolerated with
only one patient experiencing >grade 3 respira-
tory toxicity.
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Liposomal Doxorubicin

Liposomal delivery of doxorubicin allows for
selective delivery of therapeutic agent to target
tissues such as the lungs. The pegylated formula-
tion of liposomal doxorubicin (Doxil) is a unique
form of liposomal doxorubicin in which the
liposomes are coated with ethylene glycol,
resulting in a diminished uptake by the reticulo-
endothelial system, leading to a longer half-life
in the blood and a different toxicity profile than
nonpegylated liposomes (Ta et al. 2009). In a
study of methylene diphosphonate (MDP)-
conjugated adriamycin liposomes (MDP-
LADMs), tumor growth and animal survival
rates were evaluated after UMR106 osteosarco-
mas were established in Sprague-Dawley rats,
and SOSP-M pulmonary metastatic osteosar-
coma models were established in nude mice,
respectively (Wu and Wan 2012). The toxicity
assay revealed a significantly higher median
lethal dose for MDP-LADMs than for free
Adriamycin and LADMs (p<0.05), and animal
survival in the MDP-LADMs group was signifi-
cantly higher (p<0.05). These findings indicate
that MDP-LADMs have higher therapeutic effi-
cacy against osteosarcomas, demonstrate lower
toxicity, and targeted osteosarcomas more clearly
than the stand-alone systems.

In a phase II study of Doxil in previously
heavily treated sarcoma patients (n=47, 6 with
osteosarcoma) considered unresponsive to che-
motherapy (Skubitz 2003), a dose of 55 mg/m?
every 4 weeks was used which was well toler-
ated without documented cardiac toxicity.
Three of the 47 patients received a CR or PR,
although 15 of the 47 patients were felt to have
derived clinical benefit from the treatment.
These data suggest that pegylated liposomal
doxorubicin has activity in this population of
poor prognosis sarcoma and that this treatment
is associated with modest toxicity. In a dose-
finding study of temsirolimus 20 mg/m? weekly
and liposomal doxorubicin (30 mg/m? monthly)
for patients with recurrent and refractory bone
and soft tissue sarcoma, this combination was
shown to be safe for heavily pretreated sarcoma
patients (Thornton et al. 2013). The phase II
expansion portion of this study is ongoing.

14.1.6.3 Inhibition of Signaling
Receptors and Transduction

Mammalian Target of Rapamycin (mTOR)
Inhibitors

mTOR regulates protein synthesis and cell pro-
liferation, survival, and angiogenesis. Ezrin is a
protein with a role in cell-cell interactions and
signal transduction and when upregulated
drives metastasis (Hunter 2004). It appears to
mediate its metastatic actions through the
MAPK signaling pathway. Increased ezrin
expression in pediatric osteosarcoma patients is
associated with reduced disease-free intervals,
and downregulation of ezrin expression in a
mouse model of human osteosarcoma is associ-
ated with inhibition of pulmonary metastasis
(Khanna et al. 2004). Rapamycin, an mTOR
inhibitor, has been found to inhibit ezrin-medi-
ated pathways leading to reduced lung metasta-
ses in a mouse model in osteosarcoma (Wan
et al. 2005).

Response activity to rapamycin was high
in one osteosarcoma xenograft (CR) and
intermediate in five tumors (Houghton et al.
2008). Combination with cyclophosphamide
or vincristine resulted in increased activity in
osteosarcoma models (Houghton et al.
2010b). A randomized phase II trial of ridafo-
rolimus as single-agent therapy met primary
end point of improved PFS in two osteosar-
coma patients (Chawla et al. 2012). Use of
mTOR inhibitors in the treatment of osteosar-
coma patients is under investigation as single-
dose therapy (everolimus, NCTO01216826;
sirolimus, NCT01331135) and multi-agent
therapy (sirolimus and cyclophosphamide,
NCT00743509).

Multi-tyrosine Kinase Inhibitors (TKls)

Tyrosine kinases (TKs) regulate cellular prolif-
eration, survival, differentiation, function, and
motility. Osteosarcoma has shown overexpres-
sion of several TKs (Rettew et al. 2012).

Src Kinase Pathway
Src is found to be overexpressed in osteosarcoma
and mediates PI3K/Akt anoikis resistance (Diaz-
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Montero et al. 2006). Inhibition of Src prevents
cell invasion and induces apoptosis in vitro and
reduces tumor growth in vivo (Akiyama et al.
2008). Dasatinib was tested against osteosar-
coma xenograft panels and was found to have
intermediate activity (Kolb et al. 2008).
Hingorani et al. (2009) demonstrated dasatinib to
be active in primary osteosarcoma tumor, but not
against pulmonary metastasis suggesting that
this process may be independent of Src activa-
tion. There is a phase I/II study (NCT00788125)
of dasatinib in combination with ifosfamide, car-
boplatin, and etoposide in young patients with
metastatic or recurrent solid tumors including
osteosarcoma. SARC has a randomized trial
using Src inhibitor saracatinib in patients with
recurrent osteosarcoma localized to the lung
(NCT00752206).

Sorafenib

Sorafenib is an oral multi-TKI that targets Raf
kinases and other RTKs involved in tumor pro-
gression (FLT-3, KIT, fibroblast growth factor
receptor, RET) and angiogenesis (VEGFR and
PDGEFR-p). Several of these molecular targets are
involved in the pathogenesis of osteosarcoma:
Raf (Ikeda et al. 1989), PDGF (Sulzbacher et al.
2003), VEGF (Yang et al. 2007), and KIT
(Smithey et al. 2002). Sorafenib has been shown
to inhibit ERK1/2, MCL-1, and phospho-ezrin/
radixin/moesin (P-ERM) pathways which are
activated in osteosarcoma cell lines (Pignochino
et al. 2009).

Insulinlike Growth Factor-1 Receptor (IGF-1R)
Inhibition

IGF-1R has been implicated in the development
of sarcomas, and inhibition of IGF-1R function
has been demonstrated to reduce growth in
osteosarcoma, ES, and rhabdomyosarcoma
(Scotlandi 2006; Toretsky et al. 1997b). More
than 25 antibodies and small molecules that spe-
cifically inhibit IGF-1R have undergone preclini-
cal and clinical testing in both adults and
children. Two humanized monoclonal antibodies
(mAb) have been evaluated by the Pediatric
Preclinical Testing Program (PPTP). Preliminary
evidence of antitumor activity was reported in a

phase II study of SCH717454 in subjects with
relapsed osteosarcoma and Ewing sarcoma
(NCT00617890). The mAb cixutumumab (IMC-
A12) has been shown to induce intermediate
responses in three of five osteosarcoma xeno-
grafts (Houghton et al. 2010a). In a phase II
COG trial, cixutumumab was well tolerated as a
single agent in patients with solid tumors
(Malempati et al. 2012). In the phase II study
which included patients with osteosarcoma, the
combination of cixutumumab and temsirolimus
showed clinical activity in patients, but did not
have an effect on median progression-free sur-
vival (Schwartz et al. 2013). Despite evidence of
benefits in some pediatric patients, several drug
companies have curtailed or stopped anti-IGF-
IR programs because observed clinical benefits
did not meet primary end points in many adult
trials.

14.1.6.4 Altering Tumor
Microenvironment

Receptor Activator of Nuclear Factor-

Kappa B Ligand (RANKL) Inhibitors

Zoledronic acid (ZA) is a potent third-generation
bisphosphonate which targets the microenvironment
of the bone, improves bone strength, and reduces
tumor-related pain and skeletal-related events in sev-
eral adult cancers through inhibition of osteoclast
activity and bone resorption. It is approved by the
US FDA in adults with solid tumors and bone metas-
tases (Lipton et al. 2003; Rosen et al. 2003).

Preclinical studies suggest that ZA has direct
antitumor activity in a variety of tumors, includ-
ing osteosarcoma. ZA has been shown to inhibit
primary tumor growth, reduce lung metastases,
and prolong survival in animal models of osteo-
sarcoma (Dass and Choong 2007; Labrinidis
et al. 2009; Ory et al. 2005). The COG has com-
pleted a feasibility and dose discovery analysis of
ZA with concurrent chemotherapy in the treat-
ment of newly diagnosed metastatic osteosar-
coma (Goldsby et al. 2013).

Denosumab is a fully human monoclonal
antibody targeting receptor activator of the
nuclear factor-kappa B ligand (RANKL) which
interacts with its receptor RANK to regulate
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bone turnover. It is approved by the FDA for the
prevention of fracture in postmenopausal
women with osteoporosis, for prevention of
skeletal-related events in adults with solid
tumor bone metastases, and for giant cell tumor
of the bone (Ellis et al. 2008; McClung et al.
2006). RANKL and its receptor RANK have
the physiologic function of regulating bone
turnover. In response to RANKL-RANK bind-
ing, osteoclast precursors differentiate and
become activated resulting in bone resorption.
RANK is expressed in 57 % of human osteosar-
comas, most human osteosarcoma cell lines and
70 % of canine osteosarcomas (Barger et al.
2007; Mori et al. 2007). In osteosarcoma,
RANKL activates downstream signaling and
modulates gene expression (Akiyama et al.
2010). A phase II single-arm study using deno-
sumab in recurrent osteosarcoma is currently
being developed by COG.

Inhibition of Angiogenesis

Angiogenesis is closely related to tumor develop-
ment and metastasis, as is seen in osteosarcoma.
Endostatin is a broad-spectrum angiogenesis
inhibitor. Endostar, a human recombinant end-
ostatin, enhances the antineoplastic effects of
combretastatin, a vascular disrupting agent in an
osteosarcoma xenograft (Fu et al. 2011). In a trial
to evaluate the clinical efficacy of Endostar (Xu
et al. 2013), a human recombinant endostatin is
combined with chemotherapy in the treatment of
116 newly diagnosed osteosarcoma patients.
Immunohistochemistry was used to measure
VEGF and CD31 expression. Chemotherapy was
noted to increase VEGF expression and the pres-
ence of microvessels in osteosarcoma tissues
compared with pre-chemotherapy. Although no
significant difference was observed in the OS rate
between the Endostar treatment and nontreat-
ment groups, Endostar treatment significantly
inhibited the chemotherapy-induced VEGF
expression and the presence of microvessels. The
Endostar group had a higher increase in the event-
free survival rate and decreased the occurrence of
metastases.

14.1.6.5 Other Targets

Anti-mitotic Activity

Eribulin is a fully synthetic analogue of halichon-
drin B, which is capable of inducing irreversible
mitotic blockade and apoptosis by inhibiting
microtubule dynamic instability, which differs
from the mode of action of both vinca alkaloids
and taxanes (Jordan and Wilson 2004). In an ini-
tial testing by the Pediatric Preclinical Testing
Program (PPTP), eribulin induced significant dif-
ferences in EFS distribution compared to control
in 29 of 35 (83 %) of the solid tumors. Objective
responses were observed in 18 of 35 (51 %) solid
tumor xenografts, including complete responses
(CR) or maintained CR that were observed in
osteosarcoma xenografts (Kolb et al. 2013).
A single-arm phase II study using eribulin for
recurrent osteosarcoma is currently open to
accrual (COG AOST1322).

Targeting Disialoganglioside (GD2)
Disialoganglioside GD?2 is a sialic acid containing
glycosphingolipid expressed in many tumor sur-
faces. Targeting of disialoganglioside GD2 with
immunotherapy has resulted in improved out-
comes for patients with neuroblastoma. It is
highly expressed by osteosarcoma cells (>90 %)
and thought to play an important role in the attach-
ment of tumor cells to extracellular matrix pro-
teins (Shibuya et al. 2012; Yu et al. 1998).
Expression of GD2 may confer worse prognosis.
In a report by Roth et al. (2014), osteosarcoma tis-
sue obtained at the time of disease recurrence
demonstrated a higher intensity of staining com-
pared with samples obtained at initial biopsy and
definitive surgery (p=0.016). In another study,
results suggested that expression of GD2/GD3 is
responsible for the enhancement of the malignant
features of osteosarcomas (Shibuya et al. 2012).
These findings support GD2 as a great candidate
for molecular-targeted therapy in osteosarcoma.
Currently, there are ongoing trials targeting
GD2 in patients with osteosarcoma (anti-GD2
CAR NCTO02107963, humanized anti-GD2 anti-
body NCT00743496).
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Targeting Glycoprotein Nonmetastatic
Melanoma Protein B (GPNMB)

GPNMB is a transmembrane glycoprotein highly
expressed in various types of cancer. It promotes
the migration, invasion, and metastasis of tumor
cells. Glembatumumab is an antibody—drug conju-
gate targeting GPNMB which has entered clinical
evaluation for adult cancers that express GPNMB,
including melanoma and breast cancer (Zhou et al.
2012). PPTP found that, among all xenografts,
GPNMB was primarily expressed on osteosar-
coma xenografts, all of which expressed GPNMB
attheRNA level (Kolbetal.2014). Glembatumumab
induced statistically significant differences
(p<0.05) in EFS distribution compared to control
in each of the six osteosarcoma models studied.
Glembatumumab yielded high-level activity
against three of the six osteosarcoma xenografts,
two of which showed the highest GPNMB expres-
sion at the RNA level, an evidence for response
being related to GPNMB expression levels.

14.1.7 The Future for Osteosarcoma

Osteosarcoma demonstrates high genetic insta-
bility, tumor heterogeneity, local aggressiveness,
and early metastatic potential, all of which con-
tribute to the aggressiveness of this disease.
Hence, understanding the biology of osteosar-
coma is of paramount importance in the design of
therapeutic trials that will hopefully impact the
survival of patients, especially the ones with met-
astatic and recurrent disease. In the past, hypoth-
esis failure of several early phase trials was due
to lack of clinical activity of tested novel agents
against osteosarcoma. Metastasis is a consistent
feature of osteosarcoma biology that is responsi-
ble for patient mortality, and shortcomings in our
understanding of the biology of osteosarcoma
metastatic process preclude any judgments on the
value of agents that target metastatic process.

It is clear that there is a need for changes in the
trial design which should be specifically curtailed
to the underlying biology of osteosarcoma. The

traditional phase II study design assesses radio-
graphic response in patients with measurable dis-
ease. This end point as a means to evaluate
efficacy of treatment is difficult in patients with
recurrent  osteosarcoma as  pathologically
responding lesions may not change in size radio-
graphically owing to mineralization of tumors
with treatment, leading to a conclusion that
investigational treatment is ineffective in error. In
addition, many patients with recurrent osteosar-
coma may not be considered for phase II agents if
all sites of disease recurrence are amenable to
surgical resection. Hence, these patients fre-
quently have complete resection without a trial of
second-line chemotherapy, excluding them from
a phase II trial and limiting the number of patients
available to investigate novel treatment strate-
gies. Novel biologic therapies may not be effec-
tive in patients with gross residual disease, but
might improve outcome in patients with minimal
residual disease after surgical excision.

Ongoing biology efforts through pediatric
consortium studies are underway, and tumor
specimens from this bank have been used as part
of the NCI Therapeutically Applicable Research
to Generate Effective Treatments (TARGET) ini-
tiative and NCI-led genome-wide association
study. Preclinical drug evaluation systems cre-
ated toward more rapid identification and valida-
tion of compounds active in osteosarcoma have
been established such as the Pediatric Preclinical
Testing Program in the United States and
Innovative Therapies for Children with Cancer in
Europe. High-throughput screens of novel agents
should accelerate clinical trial development.
Finally, the clinical infrastructure is primed, and
there are now various national and international
cooperative groups to efficiently test new agents.

14.2 Recurrent Ewing Sarcoma
14.2.1 Incidence of Recurrence

Ewing sarcoma (ES) is an aggressive tumor
whose prognosis is critically determined by the
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adequacy of local control of primary lesion
through surgery, radiation, or both and by the effi-
cacy of the systemic chemotherapy aimed at the
control of micrometastatic disease. Multimodal
approach to the treatment has led to the dramati-
cally improved outcome of patients with localized
ES. However, recurrences remain a daunting chal-
lenge with dismal survival rate after relapse
despite best efforts. Approximately 30-40 % of
patients with initially localized disease at diagno-
sis still died of their disease (Burgert et al. 1990;
Craft et al. 1998; Nesbit et al. 1990; Nilbert et al.
1998; Oberlin et al. 1985, 2001; Paulussen et al.
2001). About 60—80 % of patients with metastatic
disease at initial diagnosis will relapse (Leavey
and Collier 2008).

Most patients recur within 2 years from initial
diagnosis (Bacci et al. 2006; Barker et al. 2005;
Leavey et al. 2008; McTiernan et al. 2006;
Shankar et al. 2003; Stahl et al. 2011). Patients
diagnosed initially with metastatic disease
relapsed significantly earlier compared to those
who relapsed with initially localized disease at
diagnosis (median time to recurrence 434 days
versus 563 days, respectively, p<0.001). The
overall median survival after first relapse was
9-14 months (Bacci et al. 2006; Barker et al.
2005; Leavey et al. 2008; McTiernan et al. 2006;
Shankar et al. 2003; Stahl et al. 2011). It was
noted that in subsequent relapses, there was a
higher rate of patients who relapsed with dissem-
inated disease at multiple sites versus local recur-
rences (p<0.0001) (Bacci et al. 2006). In 714
patients with first recurrence treated by
Cooperative Ewing Sarcoma Studies (CESS) and
European Intergroup CESS (EICESS 92), the
patterns of relapse were as follows: 15 % local,
12 % combined systemic and local, and 73 %
systemic. Pattern of relapse seems to change
according to the stage of disease at presentation.
In this series, among patients who were initially
diagnosed with localized disease, 20 % relapsed
locally, 73 % had systemic relapse, and 12 % had
combined local and systemic relapse. When pri-
mary disease was disseminated at initial diagno-
sis, systemic relapse was seen in 82 %, 13 %
combined, and 5 % localized relapse (Stahl et al.
2011). Barker et al. (2005) reported that among

71 % metastatic relapse without associated local
relapse, the most common sites were the distant
bone (35 %) and lung (18 %), with isolated recur-
rences occurring in 11 % of patients.

14.2.2 Outcomes at Recurrence

Whereas current intensive multimodal treatment
enables patients with localized disease to be
cured, in those with metastatic spread or recurrent
disease, its benefit is more often limited to extend-
ing progression-free survival (Esiashvili et al.
2008; Leavey and Collier 2008). The outcome for
patients with initially metastatic disease remains
poor with 5 year EFS 28 % (Miser et al. 2007).
The outlook for patients with recurrent EWS is
even worse at less than 20 % in most series (Bacci
et al. 2003, 2006; Barker et al. 2005; Cotterill
et al. 2000; McTiernan et al. 2006; Robinson et al.
2013; Rodriguez-Galindo et al. 2002a Shankar
et al. 2003; Stahl et al. 2011) despite aggressive
multimodal treatment. Patients with recurrent dis-
ease have a reported 5-year post-relapse survival
(PRS) of 7-23 % (Bacci et al. 2003, 2006; Barker
et al. 2005; Leavey et al. 2008; Shankar et al.
2003) and 5-year post-relapse EFS (PREFS) of
7.9-13.8 % (Bacci et al. 2003, 2006). In a single-
center case series of 114 patients, only 12.3 %
remained alive at a median follow-up of 61 months
(Whelan et al. 2012). In a retrospective study by
Bacci et al. (2003), of 195 patients with relapsed
ES, a second complete remission was achieved in
only 26 patients (13.3 %). Of the 169 patients who
never achieved disease-free status, 164 died of
disease. Among patients who entered remission
(n=26), 12 relapsed once again with none of these
patients achieving CR3, and all died of the dis-
ease. In the end, 14 patients were alive and free of
disease. With a mean follow-up of 9.5 years, the
5-year PR EFS and OS were 9.7 % and 13.8 %,
respectively. This study’s outcome was worse
than reported in St. Jude’s cohort (Rodriguez-
Galindo et al. 2002a) which included patients
with metastatic disease at initial diagnosis, with a
5 year PRS of 23.7 % (n=71) and similar to the
UKCCSG ET-2 study (n=64) with localized ES
who had relapsed (Craft et al. 1998). Another
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study by Bacci et al. (2006) with 290 relapsed ES
patients, the 5-year PREFS and PRS 5.1 % and
7.9 %, respectively. The median follow-up was
16.8 years from the start of primary treatment and
13.6 years from first recurrence. This is similar to
ones reported by Craft et al. (1998), Oberlin et al.
(1992), and Sauer et al. (1987). In a separate
series with 114 patients with relapsed or progres-
sive ES, the 2- and 5-year PRS were 23.5 % and
15.2 %, respectively (McTiernan et al. 2006). For
all patients with recurrent ES, the 5-year PFS rate
was estimated to be 20 % and 5 year PRS 23 %
(Barker et al. 2005).

14.2.3 Risk Factors for Recurrence

The Children’s Oncology Group (COG) phase 111
multi-institutional study (INT0091) showed that
older age, tumor size, primary site, advanced
tumor stage, and serum LDH were all associated
with decreased EFS and risk of recurrence (Grier
et al. 2003). This was similar to those in previous
studies of Ewing sarcoma (Cotterill et al. 2000;
Oberlinetal. 1992; Meyeretal. 1992). Specifically,
patients with large tumors (maximal diameter of
at least 8 cm) had a poorer outcome than those
with smaller tumors (5 year EFS 55 % versus
75 % percent, p<0.001). The site of the tumor
was also correlated with the outcome with the
5 year EFS 68 % among patients with tumors of
the distal extremity, 61 % among patients with
tumors of the proximal extremity, and 50 %
among those with primary tumors of the pelvis
(p=0.003).

Grier et al. (2003) reported that younger
patients had a better outcome than older patients.
The 5 year EFS was 70 % for patients under
10 years, 60 % for those 10 years to 17 years, and
44 9% for those 18 years or older (relative risk as
compared with those under 10 years was 2.5;
p=0.001). Interestingly in this study, even though
ifosfamide and etoposide benefited patients with
localized ES, older age remained an adverse
prognostic factor despite this addition. Other
studies also supported older age (>14 years)
being associated with poor outcome (Cotterill
et al. 2000; Kolb et al. 2003; Siegel et al. 1988;

Picci et al. 1997). The explanation of this is
unclear. Some series suggest no differences
between age-groups in terms of metastasis at
diagnosis, tumor location, or histological
response to neoadjuvant chemotherapy (Verrill
et al. 1997; Bacci et al. 2007). However, there is
a higher incidence of increased tumor size and
extraskeletal primaries among patients >40 years
(Pieper et al. 2008; Maki 2008). Older patients
(>18 years) were also noted to have not benefited
from compressed cycles of vincristine,
Adriamycin, and cyclophosphamide alternating
with ifosfamide and etoposide (VAD/IE) every
2 weeks instead of 3 weeks (Womer et al. 2012).
In the study by Bacci et al. (2000), it is interesting
to note that some of the factors that influenced
initial EFS also impacted the pattern of relapse
and the length of survival. For instance, in this
series, in patients less than <12 years who
relapsed, time to relapse and time to death were
significantly longer than patients who are older
than 12 years when their disease recurred.

Overt metastatic disease at diagnosis is estab-
lished as one of the strongest indicators of poor
outcome (Cotterill et al. 2000; Grier et al. 2003;
Bacci et al. 2000). Initial pretreatment serum LDH
correlates with tumor burden and has also been
shown to be an adverse prognostic factor for out-
come in ES (Bacci et al. 2000, 2003). Pathologic
assessment of response to therapy involves evalua-
tion of the treated tumor for degree of necrosis
similar to what is done for osteosarcoma. There is
general agreement that a complete response (inabil-
ity to detect viable tumor cells with extensive sam-
pling) is associated with better outcome than
residual gross disease in the resection specimen
(Picci et al. 1993, 1997; Bacci et al. 2000). Five-
year EFS was 77.2 % and was noted for patients
with good histologic response versus only 28 % for
poor responders (p<0.001) (Bacci et al. 2000).
Moreover, patients who had good histologic
response who relapsed and died of their cancer had
significantly longer survival time versus poor
responders (p=0.03). However, histologic response
to chemotherapy is hard to be properly defined as a
prognostic factor because it is not assessable for
patients who did not undergo surgery for local
treatment. Other studies show conflicting data with
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regard to impact of tumor necrosis with post-
relapse survival (Bacci et al. 2003, 2006).

14.2.4 Prognostic Factors at
Recurrence

14.2.4.1 Time to Recurrence
Several studies have documented that outcome is
significantly correlated with time to relapse, with
patients who relapsed early (within 2 years of ini-
tial diagnosis) having worse prognosis compared
to those who experienced late recurrence
(>2 years after initial diagnosis) (Shankar et al.
2003; Leavey et al. 2008; Bacci et al. 2006;
McTiernan et al. 2006; Stahl et al. 2011; Barker
et al. 2005; Robinson et al. 2013). There was an
observed significantly better outcome in patients
who had late versus early relapse, with 5 year PRS
14 % versus 7 % (p<0.001), respectively, and
PREFS was 5 % versus 19 % (p<0.003) for early
versus late relapse, respectively (Bacci et al.
2003). In a separate study, 5-year PREFS is sig-
nificantly correlated with time to first relapse
(»<0.0009) (Bacci et al. 2006). In a study by
Leavey et al. (2008), the disease-free interval
(DFI) was shown to be significantly associated to
the risk for post-recurrence death, with 5 year EFS
of those who recurred >2 years from initial diag-
nosis 30 % versus 7 % for those whose disease
recurred <2 years (p<0.0001). The DFI for those
who relapsed >2 years is 23 months, 1-2 years is
10 months, and <1 year is 5 months. Robinson
et al. (2013) reported that time to relapse was a
significant predictor of 5 year PRS, with early
relapse (<2 year) at 12 % versus late relapse
(>2 year) at 50 % (p=0.003). In this study, those
who had late relapses also had a greater PREFS
than those who relapsed early (16 % versus 0 %).
Disease-free interval in between relapses is
noted to be shorter with every relapse. Bacci
et al. (2006) reported that the mean time to
relapse was 27 months since the start of primary
treatment, 17.6 months for second relapse,
13.7 months to third relapse, and 4 months for
those who experienced fourth relapse. Moreover,
the time to first relapse was significantly longer
for patients who achieved second remission after
treatment than for those who were never free of

disease (52 months versus 23.5 months,
p<0.0001) (Bacci et al. 2003). This association
in terms of time of recurrence is similar to find-
ings in other studies (Nesbit et al. 1990; Oberlin
et al. 1985; Paulussen et al. 2001; Rodriguez-
Galindo et al. 2002a; Schuck et al. 2003).

14.2.4.2 Location of Recurrence

Local Versus Distant Relapse

Shankar et al. (2003) reported no difference in
OS between local and systemic relapse and site
relapse. In a study by Robinson et al. (2013),
the 5 year PRS (35 %) was similar in all patients
with distant relapse (lung-only metastases and
other patterns of failure). In this study, however,
the Syearear PRS for those with localized
relapse was significantly better than distant
relapse (55 % versus 22 %, p=0.045). Patients
with combined relapse (local and distant) fared
worse with a 5 year PRS for combined recur-
rence that was 12.5 %+83 % versus
21.7 % +7.8 % for those with localized relapse
(Rodriguez-Galindo et al. 2002a). This is simi-
lar to a report by Stahl et al. (2011).

Isolated Lung Recurrence: Unilateral

Versus Bilateral

Leavey et al. (2008) reported that 30 % of
relapsed patients recurred in the lungs, but only
17 % had isolated pulmonary recurrence. In this
cohort of patients, pulmonary recurrence was not
predictive of post-recurrence survival (PRS),
with isolated pulmonary recurrence not shown to
be a statistically significant advantage compared
with combined pulmonary recurrence (17 months
versus 9 months, p=0.08). This is in contrast to
findings by Bacci et al. (2003) and McTiernan
et al. (2006) who reported that for those with
lung-only recurrence, those with bilateral disease
has a significantly worse outcome compared to
those with unilateral lung recurrence.

Recurrence in the Lungs Versus Other Sites

Some studies did not show a difference in the out-
come of patients who had lung recurrence com-
pared to other distant sites (Shankar et al. 2003;
Robinson et al. 2013), although this can be due to
smaller sample size of these studies. On the
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contrary, several studies have reported improved
survival in patients who had lung-only relapses
versus those with combination of distant recur-
rences (Bacci et al. 2003, 2006; McTiernan et al.
2006; Stahl et al. 2011). Specifically, Bacci et al.
(2003) reported a significantly better outcome in
patients who had lung-only metastases versus the
ones with combined lung and outside lung metas-
tases with a 5 year PREFS 14 % versus 0.9 %
(p<0.0001). In McTiernan’s study (McTiernan
et al. 2006), patients with local relapse or lung-
only relapse fared better compared to those with
extrapulmonary recurrence. Moreover, patients
with disease confined locally or to the lungs at
both diagnosis and relapse had superior survival
to those with extrapulmonary disease at any time.

14.2.4.3 Treatment for Recurrence
Treatment for relapsed ES varies because of the
many different types of recurrences that occur
(localized, systemic, or combined), the site of
distant relapse (lung, bone, lung and bone, other
sites), the number of pulmonary metastases, and
the type of first-line local and systemic treatment
performed. The treatment is consequently tai-
lored on an individual basis. Depending on what
patients received at diagnosis, those who have
local recurrence typically have local treatment
with surgery or radiation therapy (RT) with our
without systemic therapy.

Local Control

Shankar et al. (2003) reported that patients who
received multimodal treatment had significantly
higher response rate, but outcome was no differ-
ent to those who only received single modality
treatment. In another study, outcome significantly
correlated with treatment performed after relapse,
with all patients free of disease treated with sur-
gery alone or combined with radiation therapy or
a second-line chemotherapy (Bacci et al. 2003).
In this study, there was a significantly better out-
come in patients who had definitive local control
(surgery and/or radiotherapy) alone, or in combi-
nation with chemotherapy, versus the ones who
had chemotherapy alone (15.4 % versus 0.9 %
p<0.0001). In a separate study, the rate of the first
remission was significantly higher for patients
treated with surgery alone (93.6 %) or combined

with chemotherapy (91.6 %) than those treated
with conventional (2.2 %) or high-dose chemo-
therapy (11 %) or by radiotherapy (22 %) (Bacci
et al. 2006). This however needs to be interpreted
with caution since patients treated with surgery
alone likely had isolated local or lung recurrences,
and the ones who were treated with chemotherapy
alone were highly selected and restricted to
patients with unresectable disease and not ame-
nable for curative intent radiotherapy.

Comparing local control strategies, second
remission was achieved with complete surgical
resection (45 %) compared to radiotherapy
(13 %) (p<0.001) (Robinson et al. 2013).
However, McTiernan et al. (2006) reported that
among 114 patients, definitive local treatment
was a strong predictor of outcome, whether the
local control modality was surgery or radiother-
apy. Radical surgery for those with local recur-
rence had significantly higher 5 year PRS of
314 %=+11.6 % versus other strategies
9.1 %+6.1 % (p=0.023). Use of RT alone for
local control (especially doses <35 Gy) was
observed to contribute to high local failure rate
(Rodriguez-Galindo et al. 2002a).

Data supporting resection of lung metastases
in ES is conflicting. Some reports demonstrate
improved survival (Lanza et al. 1987; Briccoli
et al. 2004); however, others did not (Paulussen
et al. 2001). In the St. Jude cohort (Rodriguez-
Galindo et al. 2002a), lung RT in patients with
isolated pulmonary relapse had significantly pro-
longed survival (5 year PRS 30.3 %+12.5 %
versus 16.7 %+10.8 %, p=0.018). In a separate
study (Robinson et al. 2013), patients who under-
went complete surgical resection of recurrence or
definitive RT had three times higher likelihood of
5 year PRS and significantly improved 5 year
PREFS. On the contrary, there is evidence that
indicates only a small effect from the use of lung
irradiation (Hawkins et al. 2000), especially
when second-line treatment for ES fails.

Chemotherapy

Analysis of patients who received vincristine,
doxorubicin, and cyclophosphamide, alternating
with ifosfamide and etoposide (VDC/IE) for ini-
tial diagnosis versus the ones who did not, the 5
year PRS was different (16 % versus 31 %,
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respectively) although difference was not statisti-
cally significant (Robinson et al. 2013). However,
patients who received VDC/IE had significantly
later first relapse (p=0.004). In this study, the use
of chemotherapy at first recurrence did not sig-
nificantly improve outcome. In a separate study,
the type of first-line chemotherapy did not matter
to rate of achieving remission after relapse since
no patient who did not undergo surgery after
relapse was alive and free of disease (Bacci et al.
2006).

Use of second-line chemotherapy was highly
variable among different studies in patients with
relapsed ES. A significant number of patients
also received multimodal therapy (chemotherapy
and local control), making it hard to evaluate spe-
cific benefit from systemic therapy. In general,
chemotherapy seems to be employed when
relapse is deemed not amenable to local control
strategies (surgery and/or radiation). In one study
Nesbit et al. (1990), 17 % received chemotherapy
alone, and all of these patients subsequently died
due to disease progression. In another study
Oberlin et al. (1985), 65 % received chemother-
apy at first relapse. There was a trend for benefit
of systemic therapy but did not achieve statistical
difference in 5 year PRS (p=0.67).

Bacci et al. (2003) reported that among 195
patients with relapsed ES, about 50 % received
chemotherapy mostly in the setting of multi-
modal therapy and up to a third of these patients
in the context of high-dose chemotherapy with
stem cell transplant. None of the patients who
received chemotherapy alone were long-term
survivors. In another study by Bacci et al. (2006)
with 378 recurrent ES, only 6 % received adju-
vant chemotherapy after surgery, 13 % chemo-
therapy alone, and 5 % high-dose chemotherapy
with stem cell transplant. None of the patients
who did not get surgical local control survived,
irrespective of whether they received concurrent
chemotherapy or not. Their conclusion is that
multimodal therapy seems to be beneficial for
relapsed patients; nonetheless, surgical local con-
trol still has the leading role in relapsed ES.

The relationship between second remission and
type of salvage treatment should be considered

with caution mainly due to selection bias. Patients
who have more isolated and localized recurrences
are amenable to surgical resection, and therefore
better outcome, compared to patients who have
disseminated relapse who receive chemotherapy
and are not candidates for local control.

14.2.4.4 Second Complete Remission
(CR2)

Rate of CR2 is influenced by the type of relapse
and treatment. In one report, the rate of patients
who achieved second remission was 83.3 % for
those who had local recurrence, 48 % who
relapsed with isolated Ilung metastases
(»<0.0004), 20 % who relapsed with isolated
bone metastases (p<0.0002), and 2.4 % who
relapsed with combined bone and lung mets
(p<0.004) (Bacci et al. 2003). This pattern was
similar to reports by Shakar et al. (2003), Bacci
et al. (2006), and Stahl et al. (2011). This is likely
due to the fact that the ones who had local or iso-
lated relapses tend to be more amenable to com-
plete surgical resection. The type of treatment
influenced the rate of remission. Bacci et al.
(2003) reported 86.6 % CR2 rate for those treated
with surgery and chemotherapy, 66.7 % for sur-
gery alone, 33.3 % for radiotherapy plus chemo-
therapy, 6 % for radiotherapy alone, and 0.9 % for
chemotherapy alone. These differences are highly
significant (p<0.0001).

Relapse-free interval was significantly longer
for patients who achieved CR2 (39 months) ver-
sus those who did not (21 month) (p<0.0001)
(Bacci et al. 2006). Improved 5 year PFS (40 %
versus 0 %) and 5 year PRS (46 % versus 0 %)
were both associated with response to second-line
therapy (p<0.0001), with the median survival
time for patients who responded to second-line
treatment of 36 months versus 4 months for those
who did not respond to second-line treatment
(Barker et al. 2005). This was similar in other
reports (Bacci et al. 2003; Hayes et al. 1987). PR
EFS was significantly higher in patients who had
second surgical remission versus those whose
disease was not completely resected at relapse or
had disease not amenable to definitive RT (16 %
versus 0 %) (Robinson et al. 2013).
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14.2.4.5 Metastatic Disease at
Diagnosis

The presence of metastasis at diagnosis seems to
be the worst prognostic factor for patients with
ES, and unfortunately, systemic chemotherapy
trials have not been able to improve durable
remission rates for patients with metastatic ES
(Cotterill et al. 2000; Navid et al. 2008a).
Metastatic disease at initial diagnosis was corre-
lated with significantly poorer PRS compared to
localized disease (p<0.0001) (McTiernan et al.
2006), similar to findings in other studies (Leavey
et al. 2008; Barker et al. 2005). However, when
controlling for response to second-line therapy in
this study, metastatic disease at initial diagnosis
was not associated with worse outcome.
Surprisingly, in initial intergroup ewings sarcoma
study (IESS), patients with metastatic disease
achieved a 30 % 5-year OS with standard chemo-
therapy (Paulussen et al. 2001; Hayes et al. 1987;
Cangir et al. 1990) or TBI followed by auto-BMT
(Miser et al. 2004; Burdach et al. 2003; Horowitz
et al. 1993). Here it seems like patients with met-
astatic EWS at presentation have a more favor-
able outcome than nonmetastatic disease who
relapsed after combined treatment (Sauer et al.
1987). This may be because patients with metas-
tases at presentation who had never received che-
motherapy before diagnosis might be more
sensitive to systemic treatment in comparison to
patients who have relapsed after initial aggres-
sive chemotherapy.

14.2.4.6 Impact of Initial Prognostic
Factors on Outcome

Patient age has been associated with outcome.
In a report by Robinson et al. (Robinson et al.
2013), patients 18 years and older with initially
localized disease had a 5 year PRS that was
30 %. In this study, adult patients with ES who
have disease relapse after primary treatment of
localized disease will continue to have recur-
rences regardless of modality of salvage therapy.
Worse prognosis remains for adult patients who
have had distant relapse and recurrence less than
2 years after initial diagnosis. On the contrary,
reports from other studies (Leavey et al. 2008;
Bacci et al. 2003, 2006; McTiernan et al. 2006)
indicated that age did not influence outcome.

Several prognostic indicators at initial diagno-
sis did not continue to have prognostic signifi-
canceinmultivariate analysis with post-recurrence
survival, such as gender, primary tumor site
(extremity versus pelvic versus other sites),
tumor volume, and histologic response to chemo-
therapy, and did not affect survival after relapse
(Shankar et al. 2003; Leavey et al. 2008; Bacci
et al. 2003, 2006; McTiernan et al. 2006;
Rodriguez-Galindo et al. 2002a). Serum LDH
was significantly associated with outcome after
recurrence (Leavey et al. 2008), but this was not
found to be true in several studies (Shankar et al.
2003; Bacci et al. 2003, 2006; McTiernan et al.
2006; Rodriguez-Galindo et al. 2002a).

Prognostic factors evaluated in these studies
need to be interpreted with caution. The major
limitation of most studies is that majority are
done retrospectively and cannot control for selec-
tion bias. In addition, incomplete or ambiguous
data, patient, disease, or treatment-related factors
taint analysis. There is also lack of standard val-
ues in reporting measurable variables such as
age, tumor size, necrosis, and the small numbers
of patients in most series.

It seems that relapsed patients can be divided
into two groups, the ones that can be cured with
traditional treatments (late relapse, relapse to
lungs only, and patients whose recurrences can
be surgically treated with or without chemother-
apy or RT) versus those who have early relapse
with combined metastases to lungs and other
sites who seem to gain no benefit from traditional
therapies (Bacci et al. 2003, 2006). In multivari-
ate analyses (McTiernan et al. 2006; Stahl et al.
2011; Barker et al. 2005), the most significant
factors associated with improved survival were
disease confined locally or to the lungs, time to
relapse (early <2 years versus late >2 years from
initial diagnosis), and response to second-line
treatment. Most studies suggest the importance
of local control, specifically surgery, and an
aggressive approach to local failure. The benefit
of chemotherapy in the relapse setting is hard to
tease out given that most patients receive
multimodal treatment, as well as selection bias
for use of systemic treatment in patients who
have disseminated disease and therefore are not
candidates for adequate local control.
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14.2.5 Therapeutic Approach

14.2.5.1 Chemotherapy

Chemotherapy has been used in relapsed ES
mainly to control disease, address micro-/macro-
metastatic disease, and facilitate local control or
primary tumor. Unfortunately, new combinations
of traditional drugs and use of novel agents have
yet to significantly affect the outcome of patients
with high-risk disease (DuBois et al. 2009; Mora
et al. 2009; Jacobs et al. 2010; Fox et al. 2010;
Chao et al. 2010; Hunold et al. 2006; Langevin
et al. 2008; Van Winkle et al. 2005). Several dif-
ferent regimens are employed reflecting patient
factors such as organ function, duration of remis-
sion, need for mobilization and collection of stem
cells, and evolving practice.

Ifosfamide- or Carboplatin-Based Regimen
Historically, majority of patients were treated with
second-line regimens, principally carboplatin- or
ifosfamide-based chemotherapy: ifosfamide and
etoposide (IE) or ifosfamide, carboplatin, and eto-
poside (ICE) (Barker et al. 2005; Rodriguez-
Galindo et al. 2002a). When short durations
of response with carboplatin regimens were
observed, high-dose ifosfamide, at a median dose
of 15 g/m2 (range 12-18 g/m2), was employed
(Ladenstein et al. 1995a).

Irinotecan/Temozolomide

The combination of irinotecan and temozolomide
has been used with encouraging results for various
relapsed adult and pediatric solid tumors in recent
years (Reardon et al. 2005; Jones et al. 2003;
Wagner et al. 2004; Kushner et al. 2006). Irinotecan
is a camptothecin prodrug that is metabolized by
carboxylesterase enzymes to a topoisomerase [
inhibitor, SN-38, which is approximately 1,000
times more potent than the prodrug (Thompson
et al. 2008). It offers the advantages of cytotoxicity
at relatively nonmyelosuppressive doses and man-
ageable non-hematological toxicity, the most com-
mon of which is diarrhea. Temozolomide is a
second-generation imidazotetrazine prodrug that
is metabolized to the active metabolite mono-
methyl triazenoimidazole carboxamide. This
agent promotes cytotoxicity, leading to base pair

mismatch and eventual inhibition of DNA replica-
tion, resulting in cell cycle arrest (Wagner et al.
2004; Newlands et al. 1997). It has the advantages
of excellent oral bioavailability, ability to cross the
blood-brain barrier, and a favorable toxicity
profile.

Although each agent alone has minimal activ-
ity against ES, preclinical and clinical studies
demonstrate the combination of irinotecan and
temozolomide to have schedule-dependent syn-
ergy and antineoplastic activity in relapsed solid
tumors, including ES (Wagner et al. 2004, 2007;
Houghton et al. 2000). A pediatric phase I trial of
temozolomide combined with protracted irinote-
can for refractory solid tumors demonstrated the
MTD to be temozolomide 100 mg/m?/day x 5 and
irinotecan 10 mg/m?*day (daily x 5x2) every
28 days (Wagner et al. 2004). For patients with
advanced ES treated with this regimen, overall
response rates of up to 60 % have been reported
(Wagner et al. 2007; Anderson et al. 2008).
Experience at Memorial Sloan Kettering Cancer
Center (MSKCC) (Casey et al. 2009) with 19
recurrent/progressive  ES using this regimen
yielded 5 complete and 7 partial responses (a
63 % overall objective response), with a median
time to progression (TTP) for all patients at
8.3 months and for the subset of 14 patients with
recurrent ES at 16.2 months. Median TTP was
better for patients who sustained a 2-year first
remission than for those who relapsed <2 years
from diagnosis and for patients with primary
localized versus metastatic disease. In a study by
Mascarenhas et al. (2010), two treatment sched-
ules of irinotecan with vincristine were evaluated
for relapsed rhabdomyosarcoma patients and
showed that there was no difference in response
and toxicity in maximizing the dose of irinotecan
50 mg/m*day intravenously for 5 days every
21-day cycle (instead of 20 mg/m?2/day intrave-
nously for 10 days). Because this regimen is
shorter and more convenient, this is the more
commonly used drug dose and schedule in the
outpatient setting.

Topotecan/Cyclophosphamide
Cyclophosphamide is well studied in ES with
proven efficacy (Hunold et al. 2006; Sutow and
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Sullivan 1962; Bernstein et al. 2006). Its combi-
nation with topotecan, a derivative of camptoth-
ecin that inhibits topoisomerase I, has proved to
be synergistic with proven efficacy in EWS
(Anderson et al. 2008; Hunold et al. 2006). In a
phase II study of patients with recurrent solid
tumors using cyclophosphamide (250 mg/m?/
dose) and topotecan (0.75 mg/m?/dose) given
for 5 days every 21-day cycle, which included
17 patients with Ewing sarcoma, 2 achieved
complete response (CR), 4 partial response
(PR), and 6 had stable disease (SD), with an
overall objective response of 35 % (Saylors
et al. 2001). In a therapeutic window study con-
ducted by the Children’s Oncology Group
(COQG), treatment of patients with Ewing sar-
coma with cyclophosphamide/topotecan
resulted in PR in 21 of 37 patients, accounting
for a response rate of 56 %, and 15 more patients
had SD (Bernstein et al. 2006). A review of the
German experience with this regimen, in
patients with Ewing sarcoma who received
cyclophosphamide/topotecan at either first or
second relapse, showed a response rate of
32.6 % (Hunold et al. 2006). In this study, one
third of the patients were alive at a median fol-
low-up of 14.5 months (range, 2.1-59.8 months),
of whom a proportion had subsequently received
other therapies.

In a separate study in relapsed ES using
cyclophosphamide/topotecan (Farhat et al.
2013), response was assessable in 13 patients
and showed progressive disease in 6 (46 %),
stable disease in 4 (31 %), and partial response
in 3 (23 %). Nine patients had local control (rad-
ical surgery in two, radiation in three, and a
combination in four patients). Response, when it
occurred, was maintained for a median of
8 months (range 4-28 months). Four patients
(29 %) are alive at 3, 7, 9, and 10 months after
relapse. COG opened a phase II study
(AEWSO0521) combining bevacizumab with vin-
cristine, topotecan, and cyclophosphamide for
patients with first recurrent Ewing sarcoma. This
combination was found to be feasible, but fur-
ther study of bevacizumab in combination with
cytotoxic therapy for patients with recurrent
EWS is still warranted.

Gemcitabine and Docetaxel

In a phase 2 study from the COG using docetaxel
alone in pediatric patients with refractory solid
tumors, Zwerdling et al. (2006) showed 3 PR and
no CR among 21 ES patients. A retrospective case
review of 22 patients with recurrent/refractory
bone sarcoma treated with gemcitabine (675 mg/
m2 IV on day 1 and day 8) and docetaxel (75—
100 mg/m2 IV on day 8) was conducted (Navid
et al. 2008b). In this cohort, two patients had
relapsed ES, with one patient with SD and no CR/
PR. The overall objective response for this study
was 29 %, with a median duration of response of
4.8 months and manageable ambulatory toxicity.

In another series (Mora et al. 2009), ten
patients with relapsed/refractory pediatric sar-
coma, including six Ewing sarcomas, two syno-
vial sarcomas, one osteosarcoma, and one
undifferentiated sarcoma, were treated prospec-
tively with gemcitabine (1,000 mg/m? over
90 min on day 1 and 8) and docetaxel (100 mg/m?
over 2—4 h on day 8 of a 21-day cycle). By
Response Evaluation Criteria in Solid Tumors
(RECIST), four (40 %) patients had CR, one
(10 %) had PR, three (30 %) had SD, and two
(20 %) had progressive disease (PD), which pro-
vides an objective response rate of 50 %, with a
median duration of response of 10 months (range:
6-32+ months). Five out of the ten patients
(50 %) were alive, with a median follow-up of
48 months from diagnosis. Mild toxicities (no
grades 3-4) were encountered and managed in
the ambulatory setting. The study concluded that
the gemcitabine and docetaxel regimen demon-
strated antitumor activity against advanced pedi-
atrics, mainly Ewing sarcoma, allowing for good
quality of life.

A SARC phase 2 trial (SARC) was conducted
using gemcitabine (675 mg/m2 IV on days 1 and
8) and docetaxel (75-100 mg/m2 IV on day 8)
given every 21 days in children and adults with
recurrent ES, osteosarcoma, or unresectable or
recurrent chondrosarcoma (Fox et al. 2012).
Primary objective response rate was based on
RECIST, and out of 53 evaluable patients, there
was no complete response observed, and partial
responses included 2 out of 14 enrolled relapsed
ES. In this study, gemcitabine and docetaxel
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combination was associated with 5.6 % probability
of reaching the target of 35 % response rate in ES.

14.2.5.2 High-Dose Chemotherapy
with Stem Cell Transplant
(HDT-SCT)

Evidence That HDT-SCT Is Beneficial

Benefit of HDT-SCT in Ewing sarcoma has been
controversial. Over the years, there have been
numerous attempts in trying to answer this ques-
tion, but the answer is still elusive. Several stud-
ies have alluded to its benefit, especially in the
setting of high-risk ES. McTiernan et al. (2006)
reported the use of HDT-SCT after second-line
chemotherapy with curative intent among 29 (of
77) patients with progressed or relapsed Ewing
sarcoma. HDT-SCT conditioning regimens
included the following: busulfan—melphalan
(BuMel) in 19 patients, melphalan only 2,
melphalan/TBI 1, melphalan/etoposide 7, mel-
phalan/etoposide/TBI 3, and busulfan/cyclo-
phosphamide 3. The median time from diagnosis
to relapse was 23 months for those who pro-
ceeded to HDT-SCT after relapse. After HDT-
SCT, there were 13 CR, 8 PR, 7 responding
disease, and 1 progressive disease. Out of three
patients who died from the entire cohort due to
treatment-related causes, two underwent HDT-
SCT. Findings indicate that HDT-SCT was the
strongest predictor of survival in univariate anal-
ysis, with a 5-year PRS of 50.6 % (9.5 %) for
those who received HDT-SCT compared to
3.5 % (£2.0 %) for those who did not (p<0.001).

In a series of 33 patients who received HDT-
SCT using BuMel as conditioning regimen, uni-
variate analysis showed improved 5 year EFS
(21 %) associated with treatment with HDT-SCT
compared to patients who received standard dose
chemotherapy (0 %) (Bacci et al. 2003). Of note,
however, multivariate analysis was not done to
control for other prognostic factors.

The European Intergroup Cooperative Ewing
Sarcoma Study (EICESS) reported that a subgroup
of patients especially those with early relapses
showed benefit from HDT-SCT (Burdach et al.
1993; Ladenstein et al. 1992). It must be noted that
patients who underwent HDT-SCT were a selected

cohort primarily by being responsive to salvage
therapy, achieved either CR or VGPR, and
remained in remission long enough for HDT-SCT.

Barker et al. (2005) reported 13 patients with
relapsed ES who received HDT-SCT. Only
patients who responded to second-line therapy
received HDT-SCT. Most of these patients (10 of
13) achieved complete surgical excision of all
recurrent disease, while 3 of 13 had partial exci-
sion of recurrent disease. Median time between
relapse and HDT-SCT was 5 months. All patients
received busulfan, melphalan, and thiotepa
(BuMelTT) as preparative regimen, and 12 of 13
received autologous stem cell transplant. Five-
year PES (61 % versus 7 %, p<0.0001) and OS
(77 % versus 7 %, p<0.0001) were superior in
this group compared with patients who did not
receive HDT-SCT for relapse. No patient died of
HDT-SCT-related complications. There were five
patients who developed second recurrence after
HDT-SCT, with median time between the first
and second recurrence of 20 months. Six out of
nine patients who received tandem HDT-SCT are
alive without recurrence. Two out of four patients
who received BuMel only are alive without recur-
rence. Optimal conditioning regimen for Ewing
sarcoma remains unclear, and most regimens use
BuMel and often with TBI.

Review of the European Bone Marrow
Transplantation Solid Tumor Registry (EBMTR)
showed advantage of BuMel versus TBI
(Ladenstein et al. 1992). A report from Perentesis
et al. (1999) have used identical BuMelTT regi-
men for high-risk Ewing sarcoma (initially meta-
static or recurrent) with encouraging early
survival data.

Al-Faris et al. (2007) evaluated the role of
HDT-SCT as consolidation therapy for children
with high-risk Ewing sarcoma. High-risk Ewing
sarcoma was defined as metastatic at diagnosis or
relapsed disease. Forty-five children were identi-
fied, and 20 patients received autologous SCT
after induction with VDC/IE. All patients had
adequate local control: patients with resectable
tumor or lung metastases underwent surgery, and
those with non-resectable tumors were treated
with radiation. At relapse, patients were treated
with topotecan and cyclophosphamide, followed
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by ICE and local control with surgery and/or irra-
diation. Ten of the 20 patients treated with HDT-
SCT are alive (median follow-up 6 years), with 8
out of 10 being in remission more than 5 years
from diagnosis. The 3 year OS for HDT-SCT was
59 %, compared to 34 % (p=0.06) for patients
treated with conventional chemotherapy (CC).
The 3 year EFS for the ASCT was 39 % com-
pared to 32 % in the CC group (p=0.08). Authors
concluded that HDT-SCT appears to add some
benefit to conventional multimodality therapy for
children with high-risk ES.

No Benefit from HDT-SCT

On the contrary, there have also been numerous
reports about the lack of evidence that HDT-SCT
provides additional benefit in the treatment of
patients with high-risk Ewing sarcoma. There are
some plausible explanations why HDT-SCT may
not necessarily work for patients with high-risk
Ewing sarcoma. Patients having aggressive dis-
ease that do not respond to initial treatment par-
ticularly chemotherapy likely have chemoresistant
disease and may have residual disease even after
HDT-SCT. There have also been some reports of
stem cell or marrow product contaminated with
tumor cells (Hayes et al. 1987; Miser et al. 2004;
Leung et al. 1998; Fischmeister et al. 1999).
Overall survival remains unchanged despite a
significant risk of death approaching 8 % from
treatment-related complications such as second-
ary leukemia and myelodysplasia.

Several earlier studies suggest that HDT-SCT
failed to improve survival when compared to his-
torical controls (Kolb et al. 2003; Burdach et al.
2000, 2003; Ladenstein et al. 1995b; Paulussen
et al. 1998; Meyers et al. 2001). Although patient
number was small, HDT-SCT did not signifi-
cantly make a difference in outcome of patients
with relapsed EWS (Shankar et al. 2003). Four
out of seven had recurrence after HDT-SCT, two
alive with one disease-free for 42 months after
distant skeletal relapse, and the other with recur-
rent disease 15 months after relapse. Progression-
free interval after HDT-SCT is 16 months. Bacci
et al. (2003) reported that none of the 15 patients
who underwent HDT-SCT reached remission.

Meyers et al. (2001) conducted a study to
determine whether consolidation therapy with
high-dose melphalan, etoposide, and total body
irradiation (TBI) with autologous stem cell sup-
port would improve the prognosis of 32 patients
with newly diagnosed ES metastatic to bone and/
or bone marrow. All patients received VDC/IE
and local control. Twenty-three patients who had
a good response to initial therapy proceeded to
consolidation therapy with HDT-SCT. Three
patients died from toxicity during HDT-SCT. The
majority of the patients who underwent high-
dose consolidation therapy experienced relapse
and died with progressive disease. The 2 year
EFS for all eligible patients was 20 %, compared
to the 2-year post-stem cell reconstitution EFS
for 23 patients who received HDT-SCT of 24 %.
This study concluded that high-dose melphalan,
etoposide, and TBI with autologous stem cell
support failed to improve the probability of EFS
in this cohort of patients with newly diagnosed
metastatic ES.

In another study by Kushner and Meyers
(2001), 21 patients with newly diagnosed ES
metastatic to bone/bone marrow received VDC/
IE for induction. Patients in complete or very
good partial remission (CR/VGPR) after VDC/IE
received myeloablative therapy with either total
body irradiation TBI/melphalan or thiotepa/car-
boplatin. Only one patient became a long-term
event-free survivor; all but one relapse was in a
distant site. In eight patients treated with TBI/
melphalan, four relapsed 2—7 months after trans-
plantation, two died early of toxicity, one
died of pulmonary failure 17 months after trans-
plantation without evidence of ES, and one
remains in CR at more than 7 years. The three
patients treated with thiotepa/carboplatin relapsed
3—4 months after transplantation. All reports on
large series of unselected patients with ES/PNET
metastatic to bone/BM showed similarly unsatis-
factory results and no improvements in event-free
survival rates (Meyer et al. 1992; Cangir et al.
1990; Horowitz et al. 1993; Paulussen et al.
1998; Wexler et al. 1996; Sandoval et al. 1996).
Secondary leukemia emerged as a major risk
with dose-intensive regimens.
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Poor outcome of recurrent Ewing sarcoma has
led several investigators to use high-dose chemo-
therapy in the attempt to overcome chemotherapy
resistance (Burdach et al. 1993, 2003; Hawkins
et al. 2000; Ladenstein et al. 1992). However, the
role of HDT-SCT in Ewing sarcoma remains
unproven due to variations in approach. Different
types of myeloablative regimens and sources of
stem cells have been used. Also, selection criteria
for eligible patients are varied among different
studies. Patients who have had response to
second-line therapy and/or had good perfor-
mance status were candidates for HDT-SCT
(Burdach et al. 1993, 2003; Ladenstein et al.
1992). This creates a selection bias for patients
able to go through HDT-SCT by excluding
patients who have especially aggressive or
therapy-resistant disease. Also, a lot of studies
were retrospective in nature and had small sam-
ple size with short follow-up. In addition, differ-
ent patient-related factors, such as presence of
metastatic disease at initial diagnosis, induction
and treatment at relapse, and extent and timing of
relapse from initial diagnosis, may have influ-
enced outcome after HDT-SCT.

Clearly, there is a need for a prospective ran-
domized controlled trial to answer the controver-
sies of the role of HDT-SCT in Ewing sarcoma.
Short of this trial format, statistical analyses may
minimize the biases, but unlikely to eliminate it.
In addition, defining a specific group of patients
that will likely benefit from this approach is nec-
essary. Barker et al. (2005), adjusting for selec-
tion bias in patients deemed eligible for HDT-SCT
by performing multivariate analysis that controls
for RFI and response to therapy, reported that
patients with prolonged RFI and have response to
therapy have an improved PFS and PRS with
HDT-SCT. EBMTR (Ladenstein et al. 1995b)
reported that favorable outcome was limited to
relapsed patients with localized disease at initial
diagnosis. In a separate study (Oberlin et al.
2006), 97 patients with newly diagnosed meta-
static Ewing sarcoma who had CR or VGPR after
induction chemotherapy received HDT-SCT with
BuMel. Local therapy (surgery and/or radiation
therapy) was performed before or after HDT-
SCT. The 5 year EFS for all 97 patients was

37 %, and the overall survival (OS) rate was
38 %, whereas EFS after HDT-SCT was 47 %,
52 % for the 44 patients with lung-only metasta-
ses, and 36 % for patients with bone metastases
without bone marrow involvement. From this
study, it seemed that HDT-SCT benefited patients
who responded well to systemic therapy and had
lung- or bone-only metastases. In a report by
Burke et al. (2007), HDT-SCT was offered to
eight patients with high-risk Ewing sarcoma
(defined as pelvic primary and/or metastatic dis-
ease). This study yielded four CR with mean
follow-up of 6.25 years, and all had tandem
HDT-SCT. Two other survivors constituted truly
high-risk patients with bone metastases who have
not had local control (surgery of radiation) of
metastatic sites and had no evidence of disease.
This study endorses HDT-SCT for high-risk
patients, especially the ones with bone metasta-
ses and for whom local control measures cannot
be adequately administered.

EURO-E.W.L.N.G. 99

The EURO-E.W.LN.G. 99 trial is the first inter-
national randomized evaluation of the role of
HDT-SCT for patients with metastatic ES at ini-
tial diagnosis. In this study, all patients received
an intensive induction chemotherapy consisting
of vincristine, ifosfamide, doxorubicin, and eto-
poside (VIDE) for six courses. Following local
control, patients with localized tumors and a
good response to induction were randomized to
either ifosfamide-containing (VAD) or
cyclophosphamide-containing (VAC) consolida-
tion chemotherapy. Patients with isolated pulmo-
nary/pleural metastases or with localized tumors
and poor response to induction therapy were ran-
domized to either VAI conventional consolidation
chemotherapy or HDT-SCT using BuMel for
consolidation. This study had lower than antici-
pated accrual to the R2 randomization because of
the higher than predicted rate of good responding
patients with localized tumors.

In a study by Ladenstein et al. (2010), 281
patients with primary disseminated multifocal ES
were enrolled onto the EURO-E.W.I.N.G.99 (R3)
study. Median age was 16.2 years (range, 0.4—
49 years). Recommended treatment consisted of
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six cycles of VIDE, one cycle of VAI, local treat-
ment (surgery and/or radiotherapy), and high-
dose busulfan—melphalan followed by autologous
stem cell transplantation (HDT-SCT). After a
median follow-up of 3.8 years, 3 year EFS and
OS for all 281 patients were 27 %=+3 % and
34 % +4 %, respectively. Six VIDE cycles were
completed by 250 patients (89 %); 169 patients
(60 %) received HDT-SCT. The estimated 3 year
EFS from the start of HDT-SCT was 45 % for 46
children younger than 14 years. Cox regression
analyses demonstrated increased risk at diagnosis
for patients older than 14 years (hazard ratio
(HR) 1.6), a primary tumor volume more than
200 mL (HR=1.8), more than one bone meta-
static site (HR=2.0), bone marrow metastases
(HR=1.6), and additional lung metastases
(HR=1.5). An up-front risk score based on these
HR factors identified three groups with EFS rates
of 50 % for score <3 (82 patients), 25 % for score
more than 3 to less than 5 (102 patients), and
10 % for score >5 (70 patients) (p=0.0001). This
study concludes that patients with high-risk ES
may survive with intensive multimodal therapy,
and risk-adapted treatment approach may help
tailor management.

14.2.5.3 Local Therapies (Surgery
and Radiation)

Robinson et al. (2013) reported that patients who
received multimodal treatment had significantly
higher response rate, but outcome was no
different to those who only received single
modality treatment. In another study, outcome is
significantly correlated with treatment performed
after relapse, with all patients free of disease
treated with surgery alone or combined with radi-
ation therapy or a second-line chemotherapy
(Bacci et al. 2003). In this study, there was a sig-
nificantly better outcome in patients who had
definitive local control (surgery and/or radiother-
apy) alone, or in combination with chemother-
apy, versus the ones who had chemotherapy alone
(15.4 % versus 0.9 % p<0.0001). In a separate
study, the rate of first remission was significantly
higher for patients treated with surgery alone
(93.6 %) or combined with chemotherapy
(91.6 %) than those treated with conventional

(2.2 %) or high-dose chemotherapy (11 %) or by
radiotherapy (22 %) (Bacci et al. 2006). This
however needs to be interpreted with caution
since patients treated with surgery alone had iso-
lated local or lung recurrences, and the ones who
were treated with chemotherapy alone were
highly selected and restricted to patients with
unresectable disease and not amenable for cura-
tive intent radiotherapy.

Comparing local control strategies, second
remission was achieved with complete surgical
resection (45 %) compared to radiotherapy
(13 %) (»<0.001) (Robinson et al. 2013).
However, McTiernan et al. (2006) reported that
among 114 patients, definitive local treatment
was a strong predictor of outcome, whether the
local control modality was surgery or radiother-
apy. Radical surgery for those with local recur-
rence had significantly higher 5 year PRS of
314 %=+11.6 % versus other strategies
9.1 %+6.1 % (p=0.023). Use of RT alone for
local control (especially dose <35 Gy) was
hypothesized to contribute to high local failure
rate (Rodriguez-Galindo et al. 2002a).

14.2.6 Emerging Targets

Targeting EWS-FLI1
EWS-FLI1 is critical for Ewing cell survival.
Direct targeting of this transcription factor has
been for a long time felt to be “undruggable.”
There is therapeutic promise in disrupting inter-
actions between EWS-FLI1 and other protein
complexes thought to be required for oncogene-
sis such as RNA helicase and lysine-specific
demethylase 1 (Erkizan et al. 2009; Sankar et al.
2013). In vitro downregulation of the EWS-FLI1
translocation via antisense oligonucleotides,
dominant negative transcripts, and RNAi has
been shown to limit the malignant transformation
and reduce cell growth (Kovar et al. 1996;
Toretsky et al. 1997a; Lambert et al. 2000).
Toretsky’s group reported their work on a
small molecule YK-4-279 which blocks EWS-
FLI1 from interacting with RNA helicase A
(RHA) (Barber-Rotenberg et al. 2012). In vivo
studies confirm prior in vVitro experiments
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showing the enantiomer (S)-YK-4-279 as the
EWS-FLI1-specific enantiomer demonstrating
both induction of apoptosis and reduction of
EWS-FLI1-regulated caveolin-1 protein. Rat
xenograft model of ES treated with (S)-YK-4-
279 led to a sustained complete response in two
of six ES tumors (Hong et al. 2014).

Mithramycin, an older antibiotic, is a drug that
binds GC-rich regions of the genome and regu-
lates the expression of specific genes including
SRC, MYC, and MDRI often by inhibiting the
SP1 family of transcription factors. This agent
was identified in a high-throughput drug screen
to inhibit expression of EWS-FLI1 downstream
targets and decrease the growth of ES cells in
mouse xenografts (Grohar et al. 2011).

PARP Inhibitors

Great interest emerged with poly (ADP-ribose)
polymerase (PARP) inhibitors which are small
molecules that have been studied in a variety of
malignancies (Fong et al. 2009; Foulkes et al.
2010). PARP messenger RNA and proteins are
amassed in very high levels in ES cell lines
(Soldatenkov et al. 1999). ES cells, primary
tumor xenografts, and tumor metastases were
shown to be all highly sensitive to PARP1 inhibi-
tion (Soldatenkov et al. 1999; Garnett et al.
2012). Mechanistic investigations revealed that
DNA damage induced by expression of EWS-
FLI1 or EWS-ERG fusion genes was potentiated
by PARPI inhibition in ESFT cell lines. Notably,
EWS-FLI1 fusion genes acted in a positive
feedback loop to maintain the expression of
PARP1, which was required for EWS-FLI-
mediated transcription, thereby enforcing onco-
gene-dependent sensitivity to PARP1 inhibition.
This response was specific to ESFT, as this did
not have an effect on osteosarcoma and rhabdo-
myosarcoma cell lines. These findings offer a
strong preclinical rationale to target the EWS-
FLI1-PARP1 intersection as a therapeutic strat-
egy to improve the treatment of ESFTs. Addition
of a PARPI inhibitor to the second-line chemo-
therapeutic agent temozolomide resulted in com-
plete responses of all treated tumors in an
EWS-FLI1-driven mouse xenograft model of
ESFT (Brenner et al. 2012). Although a single-

agent study did not show clinical activity, combi-
nation studies with temozolomide are being
pursued (NCTO01858168, NCT02044120).

IGF-1R Inhibition

Over the past 5 years, significant work has been
focused on insulinlike growth factor 1 receptor
(IGF-1R), which is a receptor tyrosine kinase that
is overexpressed in ES cells. Activation of this
receptor has been found to be essential for EWS-
FLIl-induced malignant transformation of
murine fibroblasts (Toretsky et al. 1997b; Manara
et al. 2007). For a small subset of refractory ES
patients, dramatic responses were seen with
monoclonal antibodies to IGF-1R (Juergens et al.
2011; Malempati and Hawkins 2012; Pappo et al.
2011). Anti-IGF-1R antibodies have been used
with mammalian target of rapamycin (mTOR)
inhibitors in refractory pediatric patients
(O’Reilly et al. 2006), with a few complete
responses and sustained stable disease (Naing
et al. 2012; Schwartz et al. 2013).

A phase I expansion cohort study of figitu-
mumab in 29 patients, 16 of whom had ES, had
objective responses (one complete response, one
partial response). Eight patients had disease sta-
bilization for 4—-16 months, of whom six had ES
(Olmos et al. 2010). A phase I study of R1507
was conducted on 37 patients with advanced
solid tumors. Of nine patients who had ES, two
had durable partial responses of 11.5 and
>26 months, and two had stable disease (Kurzrock
et al. 2010). In a multicenter phase II trial of
R1507 in 133 patients with recurrent or refrac-
tory Ewing sarcoma/PNET, overall complete/
partial response rate was 10 % with a median
duration of response of 29 weeks and median sur-
vival of 7.6 months (Pappo et al. 2011). Finally
there also is the theoretical potential for
combining IGF-1R inhibitors with other drugs
such as mTOR inhibitors with the prospect of
enhanced treatment efficacy.

Mammalian Target of Rapamycin (nTOR)
Inhibition

Different types of EWS-FLI1 express differing
levels of total and phosphorylated mTOR protein.
The use of rapamycin as a cytostatic treatment
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has been evaluated in Ewing sarcoma/PNET cell
lines with heterogeneous EWS-FLI1 fusion
genes. ES has been shown to have upregulated
p-Akt and p-mTOR (Subbiah et al. 2013).
Rapamycin was found to inhibit cell line prolif-
eration by causing G1 phase arrest with concur-
rent downregulation of EWS-FLI1 protein and
restoration of expression of TGF-b type 2 recep-
tor. TGF-b type 2 receptor is transcriptionally
repressed in Ewing sarcoma cells, and exposure
to rapamycin resulted in a marked increase in
TGF-b receptor 2 mRNA in the cell lines tested
with concomitant-increased susceptibility to
TGF-b inhibition of growth (Mateo-Lozano et al.
2003). COG conducted a phase 1 trial of temsiro-
limus in combination with irinotecan and temo-
zolomide in patients with recurrent/refractory
solid tumors. Of 71 eligible patients, 7 had
ES. Six patients had objective responses con-
firmed by central review including patient with
ES, with three sustained responses through >14
cycles of therapy (Bagatell et al. 2014).

Epigenetic Targeting

Agents that target chromatin structure would be
expected to have activity in ES since this is a dis-
ease driven by a transcription factor. There has been
note of dysregulation of protein complexes involved
in the regulation of chromatin structure. The result-
ing changes in the epigenome play a major role in
the biology of ES and have been linked to altera-
tions in gene expression, malignant transformation,
and even drug resistance (Lawlor and Thiele 2012).
Studies have investigated the role of HDAC inhibi-
tors in particular signaling pathways mediated by
EWS-FLI1 (Li et al. 2012; Matsumoto et al. 2001).
In the clinic, the HDAC inhibitor vorinostat has
been evaluated in children in the relapsed refractory
setting. Unfortunately, single-agent activity in
Ewing sarcoma has not been observed, although
only two patients with Ewing sarcoma received the
drug (Fouladi et al. 2010). EWS-FLI1 drives the
expression of genes that in turn suppress a large
percentage of the genome by modifying the avail-
ability of chromatin to the transcriptional machin-
ery, allowing ES cells to evade senescence and
apoptosis in the setting of genetic damage. Further
investigation of these agents in ES is warranted.

VEGF Inhibition

Angiogenesis plays an important role in the biology
of ES oncogenesis and tumor growth and develop-
ment (Stewart and Kleinerman 2011; Yu et al. 2010).
Also, the EWS-FLII1 chimeric fusion gene is known
to upregulate VEGF-A in preclinical models (Nagano
et al. 2009). Clinical experience with bevacizumab as
monotherapy demonstrated stable disease at best for
at least 4 months in three out of five patients with
Ewing sarcoma enrolled in a COG phase I clinical
study (Glade Bender et al. 2008). COG evaluated the
use of bevacizumab with VTC (AEWS0521) with
recurrent EWS, and addition of bevacizumab was
feasible but did not improve outcome.

14.2.7 Future of Ewing Sarcoma

Recent novel therapies produced dramatic responses
thought to have overcome the therapeutic plateau in
patients with ES. Unfortunately, these therapies
benefited only a minority of patients, and even those
patients who had favorable responses initially inevi-
tably developed resistance. It is clear that further
understanding of the complex biology of ES is war-
ranted. Various prognostic molecular markers have
been recently identified for ES, as well as prognos-
tic gene expression signatures. Since most ES
express EWS-FLI1 and EWS-ERG transcription
factors, there is a realistic chance for targeted thera-
peutics that may impact those with newly diag-
nosed as well as recurrent disease. Continued
systematic clinical investigation that integrates
active agents into ES therapy will hopefully lead to
improved outcomes. A significant biology effort
has been established in ES through COG
AEWS02B1 and AEWSO07B1 studies. This
endeavor allows for molecular profiling as well as
development of tissue resources such as microar-
rays containing tumor samples that are linked to
therapeutic studies and can be used for evaluation
of prognostic factors.

The rarity of this tumor is a significant obstacle
for drug development. However, with optimism and
global collaboration, significant number of patients
can be accrued in short time frames. Considering
the demographics, high lethality, and defined
molecular pathogenesis, targeted therapeutics of ES
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is an area of importance for collaborative interna-
tional clinical trials.
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Abstract

As many of the prior chapters illustrate, we
have had many successes in the treatment of
children with malignant bone tumors.
Nevertheless, there is a substantial fraction of
patients who are not cured by current thera-
pies. In addition, even those who are long term
survivors often suffer chronic side effects of
treatment. Thus, we need to continue to
explore novel therapies both to increase the
cure rates and decrease complications. In this
chapter we review available data for a variety
of new therapies including novel small mole-
cules, immunotherapies, and virotherapy, with
an emphasis on findings in preclinical models
or early phase clinical trials in patients with
bone cancers.

15.1 Introduction

An overview of experimental therapeutics for
pediatric bone tumors is difficult to include in a
book as it is a rapidly evolving topic and much
of what is written may be out of date at the time
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of publication. New drugs and approaches often
become fashionable or show promise in preclin-
ical or early phase clinical studies and then fade
into obscurity because of failure to meet pri-
mary objectives in adult studies. Nevertheless,
we felt compelled to include a chapter on novel
therapies as some of them are likely to gain a
foothold: if not the particular agents, then at
least perhaps the general class of agents or the
strategy. Here we discuss several compounds or
drugs that show promise for pediatric bone
tumors. Many of the small molecules and bio-
logics have been tested as part of the National
Cancer Institute’s Pediatric Preclinical Testing
Program (PPTP, http://pptp.nchresearch.org),
which includes a cadre of osteosarcoma and
Ewing sarcoma models.

15.2 Antimitotic Agents

Microtubules function by rapidly polymerizing
and depolymerizing tubulin monomeric subunits
and are critical for cell division and migration.
Drugs that inhibit microtubule function include
the vinca alkaloids, taxanes, and epothilones,
which play a major role in treatment of human
malignant diseases. The taxanes and epothilones
stabilize microtubules, reducing the dynamics
necessary for cell movement and division. Vinca
alkaloids inhibit microtubule function by causing
depolymerization leading to mitotic arrest and
possibly interphase death of cells. Halichondrin
B analogs are a relatively new class of
microtubule-targeted agents with a novel mecha-
nism of action. Eribulin is a fully synthetic mac-
rocyclic ketone analog of halichondrin B, a
natural product derived from the marine sponge
Halichondria okadai (Bai et al. 1991; Towle
et al. 2001). Eribulin induces irreversible mitotic
blockade and apoptosis by inhibiting microtubule
“dynamic instability” (Jordan and Wilson 2004),
the growth and shortening of microtubules
required for mitosis. Microtubule growth is
inhibited by eribulin binding with high affinity at
the plus ends (Smith et al. 2010a). Eribulin is dis-
tinctive from that of other tubulin-binding anti-
mitotic agents in that eribulin suppresses the
growth parameters at microtubule plus ends with-

out affecting microtubule shortening parameters
(Jordan et al. 2005; Smith et al. 2010a). With a
novel mechanism of inhibition of microtubule
dynamic instability coupled with prolonged cel-
lular retention (Towle et al. 2011), eribulin has
promise as an antineoplastic for multiple cancer
histologies (Jain and Vahdat 2011).

Somewhat related to antitubulin agents are
anti-tropomyosin drugs. The actin cytoskeleton
has been long sought as a potential cancer target
because of its importance in cell integrity and
growth. Because it is so universal to cells, how-
ever, safely targeting actin in cancer cells without
harming normal cells has proven challenging.
Recently, it was reported that one of actin’s part-
ner proteins, tropomyosin, exists in multiple iso-
forms, some of which are selectively upregulated
in cancer, and anti-tropomyosin drugs are
currently under development (Stehn et al. 2013).
These agents have not yet been tested in bone
tumors but may be another avenue for impairing
the cancer cytoskeleton.

15.2.1 Eribulin

Eribulin demonstrated a remarkably high level of
activity against the Pediatric Preclinical Testing
Program (PPTP) solid tumor and ALL in vivo
models (Kolb et al. 2013). The obvious comparison
for the eribulin in vivo results are to those previ-
ously obtained for vincristine, an agent used in
standard of care regimens for soft tissue sarcomas
and ALL. Vincristine is also used in upfront regi-
mens for patients with Ewing sarcoma, with the
current COG standard therapy for newly diagnosed
nonmetastatic Ewing sarcoma prescribing 18 doses
of vincristine over an approximately 9-month treat-
ment course. The PPTP results showed a number
of similarities between the activity pattern for the
two agents, with both showing activity for Wilms’
tumor, rhabdomyosarcoma, glioblastoma, and
osteosarcoma xenograft models. The most notice-
able difference between the two agents is the high
level of activity observed for eribulin for the Ewing
sarcoma xenografts (four of five models with com-
plete regressions) compared to vincristine (zero of
five models with CR or maintained complete
response).
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For osteosarcoma, vincristine is not used in
standard upfront therapy regimens and in com-
monly employed retrieval regimens. Vincristine
was highly active against one osteosarcoma
xenograft, while eribulin showed high activity
against three osteosarcoma xenografts. While
vincristine has been used in the past to treat
osteosarcoma (Rosen et al. 1981), it is a drug not
normally considered active in this disease. There
are, however, only limited single-agent data for
vincristine for patients with osteosarcoma, most
of which are from patients treated in the 1960s
(Sutow 1968; Sutow etal. 1971). Pharmacokinetic
data for eribulin suggest that the systemic expo-
sure in mice per treatment course at the 1 mg/kg
dose that is highly active in the mouse models is
similar to that observed in humans at the 1.4 mg/
m? recommended phase IT dose (Goel et al. 2009;
Taur et al. 2011). A phase I trial of eribulin is cur-
rently recruiting (NCT02082626), and a trial for
refractory or recurrent osteosarcoma is planned
(NCT02097238).

15.2.2 Glembatumumab Vedotin

Glembatumumab vedotin is an antibody-
auristatin conjugate that targets cells expressing
the transmembrane glycoprotein NMB (GPNMB,
also known as osteoactivin). GPNMB is a trans-
membrane glycoprotein primarily expressed in
intracellular compartments (e.g., lysosomes and
melanosomes) in nonmalignant cells such as
melanocytes, osteoclasts, and osteoblasts
(Bachner et al. 2002; Ripoll et al. 2007; Tomihari
et al. 2009). In hepatocellular carcinoma (Onaga
et al. 2003), breast cancer (Rose et al. 2010; Rose
and Siegel 2007), glioblastoma (Kuan et al.
2006), and melanoma (Tomihari et al. 2009; Tse
et al. 2006), membrane GPNMP is overex-
pressed, making it a reasonable candidate for tar-
geted therapeutics. GPNMB may also play a role
in the inhibition of T cell activation by antigen-
presenting cells (Chung et al. 2007a, b;
Schwarzbich et al. 2012). Six of seven osteosar-
coma xenografts also express GPNMB at the
RNA level and by immunohistochemistry,
whereas none of the rhabdomyosarcoma xeno-
grafts in the PPTP panel expressed GPNMB.

Glembatumumab vedotin is an antibody-
drug conjugate (ADC) that combines an anti-
GPNMB antibody with the antimitotic agent
monomethyl auristatin E (vedotin) (Tse et al.
2006). When internalized, vedotin is released
and results in cell cycle arrest and cell death
(Carter and Senter 2008). In vitro glembatu-
mumab vedotin showed cytotoxicity that was
related to the level of GPNMB expression, and
it induced complete regressions in GPNMB-
expressing melanoma and breast cancer xeno-
grafts (Pollack et al. 2007; Rose et al. 2010; Tse
et al. 2006). In the PPTP screen, glembatu-
mumab vedotin induced statistically significant
differences in event-free survival (EFS) distri-
bution compared to control in each of the six
osteosarcoma models studied. Three of six
osteosarcoma xenografts demonstrated a main-
tained complete response. Two other xenografts
showed progressive disease with growth delay,
while the final xenograft showed progressive
disease with no growth delay. Two of the osteo-
sarcoma xenografts with maintained complete
responses showed the highest GPNMB expres-
sion at the RNA level. Conversely, the xenograft
with the lowest GPNMB mRNA expression had
the poorest response to glembatumumab vedo-
tin. Neither GPNMB-negative rhabdomyosarco-
mas examined responded to glembatumumab
vedotin.

Historically, microtubule inhibitors have not
been incorporated into standard neoadjuvant
therapy regimens or in retrieval regimens for
osteosarcoma. Limited single-agent data on vin-
cristine in osteosarcoma is available from early
studies (Sutow 1968; Sutow et al. 1971). Several
subsequent single-arm and randomized trials
combining vincristine with other conventional
agents failed to clearly demonstrate a role for
vincristine in  neoadjuvant  chemotherapy
(Edmonson et al. 1984; Eilber et al. 1987; Krailo
et al. 1987; Pratt et al. 1990; Rosen et al. 1981;
Souhami et al. 1997). There have been few recent
clinical trials of microtubule-targeted therapy
although a response to vinorelbine was observed
in one of five patients with osteosarcomas
(Casanova et al. 2002). Currently, there are no
planned clinical trials to evaluate this agent
against osteosarcoma.
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15.3 Targeted Inhibitors
15.3.1 IGF-1 Receptor Inhibitors

IGF-1 receptor has become a major focus for
adult cancer therapeutics development with at
least eight fully human or humanized antibodies
in adult phase I or II clinical trials (Braczkowski
et al. 2002; Cohen et al. 2005; Guerreiro et al.
2006; Kurmasheva and Houghton 2006; Sachdev
and Yee 2006, 2007; Wang et al. 2005). These
agents show specificity for the IGF-1R, blocking
ligand binding, although they may also inhibit
chimeric receptors formed through heterodimer-
ization with the insulin receptor (IR). In
preclinical cancer models, antibody-mediated
downregulation of IGF-1R significantly retards
proliferation of many tumors (Sachdev et al.
2003) and induces regressions when combined
with cytotoxic agents (Cohen et al. 2005;
Goetsch et al. 2005). These results are consistent
with the significant literature that implicates
IGF-1 signaling in survival of cells exposed to
different cellular stresses (Kurmasheva and
Houghton 2006). Several classes of small-mole-
cule inhibitors of IGF-1R have been described,
including  tyrphostins,  pyrrolopyrimidines
(Mitsiades et al. 2004; Scotlandi et al. 2005),
substituted benzimidazole derivatives (Haluska
et al. 2006), and diarylureas (Gable et al. 2006).
In contrast to the antibodies, small-molecule
ATP-competitive IGF-1R inhibitors do not
induce downregulation of the receptor (Sachdev
et al. 20006), an effect that may be important for
the activity of anti-IGF-1R directed antibody
treatments (Jackson-Booth et al. 2003). In addi-
tion, in most cases these small-molecule
inhibitors do not discriminate between the
insulin receptor (IR) and the IGF-1R (Haluska
et al. 2006; Wittman et al. 2007). As a conse-
quence they may have pronounced -effects
on glucose homeostasis (hyperglycemia and
hyperinsulinemia).

Deregulated insulin-like growth factor signal-
ing through the type 1 receptor (IGF-1R) appears
to be common to many childhood solid tumors
and offers an important molecular target for pedi-
atric therapeutics development. IGF-1R is a
potent mediator of autocrine growth in Ewing

sarcoma (Scotlandi et al. 1996, 1998). Cases of
Ewing sarcoma with the type 1 EWS-FLII chi-
meric transcription factor are associated with an
improved prognosis and with lower IGF-1R
expression compared to cases with non-type 1
translocations (de Alava et al. 2000). EWS-FLI1
silencing leads to increased levels of insulin-like
growth factor binding protein 3 gene (IGFBP-3),
a major regulator of IGF-1 (Prieur et al. 2004).
Additionally, IGF-1 is a mitogen for osteosar-
coma cells (Bostedt et al. 2001; MacEwen et al.
2004; Pollak and Richard 1990).

The murine monoclonal antibody oIR-3 has
demonstrated in vivo activity against rhabdo-
myosarcoma (Kalebic et al. 1994), and antisera
to IGF-1 or IGF-2 significantly inhibited prolif-
eration of Ewing sarcoma cells in vitro
(Braczkowski et al. 2002). For SCH 717454
(robatumumab), in vivo testing has revealed
marked growth inhibition against A2780, an
aggressive ovarian carcinoma cell line (Wang
et al. 2005). For CP-751,871 (figitumumab),
another fully human anti-IGF-1R monoclonal
antibody, in vivo growth inhibition was observed
against several xenografts, including MCF7
(breast cancer), Colo-205 (colon cancer), and
H460 lung cancer (Cohen et al. 2005). Two anti-
bodies (SCH717545 and IMC-A12) were tested
in the PPTP screen. Cumulative results indicate
modest activity although complete regressions
were observed in one of five Ewing sarcoma, one
of six rhabdomyosarcoma, and two of six osteo-
sarcoma models (overall response rate 4 of 32
tests [12.5 %]). Similarly, IGF-1R inhibition by
R1507 induced tumor growth delays and
improvement in event-free survival in four of six
osteosarcoma xenograft tumor lines (Kolb et al.
2010). Of interest, R1507 induced a complete
response in one model, whereas it had no efficacy
against the model that responded to SCH717545,
suggesting that each of the anti-IGF-1R antibod-
ies may have individual characteristics.

Clinical studies also indicate some activity of
IGF-1R-targeted antibodies in bone tumors as
well as soft tissue sarcoma (Olmos et al. 2010;
Pappo et al. 2011, 2014; Tolcher et al. 2009;
Toretsky and Gorlick 2010). In Ewing sarcoma
the response rate was ~10 % for each of the anti-
bodies tested, similar to the predicted response
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rate from the PPTP xenograft models. However,
in several studies there was a cohort of patients
that had disease stabilization for several months.
Because the IGF-1R-targeted antibodies showed
relatively poor activity in adult malignancies,
most have been withdrawn from clinical develop-
ment. At least two antibodies (IMC-A12
[Imclone] and MK0646 [Merck]) are still in
development, although the future of these anti-
bodies, like those already abandoned, is uncer-
tain (Yee 2012). Although the objective response
rate is quite low, clear activity in both osteosar-
coma and Ewing sarcoma has been demonstrated.
Several preclinical studies have suggested that
IGF-1R-targeted antibodies may have additive
activity when combined with rapamycin (Kolb
et al. 2012; Kurmasheva et al. 2009; Wan et al.
2007). Clinical studies combining cixutumumab
and temsirolimus showed 12-week progression-
free rates of 31 % and 35 % for IGF-1R-positive
soft tissue sarcoma and bone sarcoma, respec-
tively, although the progression-free rate was
similar for patients with IGF-1R-negative tumor
(39 %) (Schwartz et al. 2013). Similarly, regres-
sion of tumor >20 % was documented in 29 % of
Ewing sarcoma patients, with prolonged stabili-
zation of disease for 8—27 months (Naing et al.
2012). Signaling through the IGF-IR is also
required for VEGF-driven proliferation and dif-
ferentiation of human umbilical cord vascular
endothelial cells (HUVECS) in vitro, and IGF-
1R-targeting antibodies block angiogenesis in
mouse models (Bid et al. 2012). Thus, in part,
disease stabilization may be a result from the
antiangiogenic activities of IGF-1R-targeted
antibodies. The mechanisms for intrinsic or
acquired resistance to IGF-1R-targeted antibod-
ies are not well understood. Downregulation of
IGF binding protein 2 (IGFBP2) has been
reported to be associated with acquired resistance
both in vitro and in vivo (Kang et al. 2013).
Similarly, IGFBP ratios have been associated
with sensitivity, where the IGFBP-5/IGFBP-4
expression ratio may serve as a surrogate bio-
marker of IGF pathway activation and predict
sensitivity to anti-IGF-1R targeting (Becker et al.
2012). AXL expression was highly elevated in a
subline of Rh41 rhabdomyosarcoma selected for
resistance to the anti-IGF-1R antibody MAB391

(Huang et al. 2010). While MEDI-573, a ligand
binding antibody with high affinity for binding
IGF-2, had no single-agent activity, a combina-
tion of an IGF-1R-targeted antibody had some
additive effects in several sarcoma xenograft
models supporting the conjecture that tumor-
secreted IGF-2 was responsible for circumvent-
ing the block on IGF-1R, signaling through the
IR to maintain proliferation and angiogenesis
(Bid et al. 2012, 2013). Thus, there appear to be
multiple mechanisms associated with resistance
to this class of agents.

There is less information on the activity of
small-molecule inhibitors in models of bone
tumors. The PPTP screen demonstrated some
growth inhibition for Ewing sarcoma and osteo-
sarcoma models treated with BMS-754807, but
no regressions were reported (Kolb et al. 2011).
Acquired resistance to BMS-754807 was attrib-
uted to amplification and overexpression of
platelet-derived growth factor receptor o
(PDGFRa), and knockdown of PDGFRa by
small interfering RNA in Rh41-807R resensi-
tized the cells to BMS-754807 (Huang et al.
2010). Huang et al. recently demonstrated that
IGF-1R, IGF-1, and IGF-2 are highly expressed
in cell lines sensitive to another IGF-1R inhibitor
(BMS-536924), while IGF binding proteins
(IGFBP-3 and IGFBP-6) are highly expressed in
resistant cell lines. Overexpression of EGFR and
downstream components of EGFR signaling was
also noted in BMS-536924-resistant tumor lines
(Huang et al. 2009). In hepatocellular carcinoma
cell lines, HER3 activation by EGFR in response
to IGR-1R inhibition seems to be one potential
mechanism of resistance (Desbois-Mouthon
et al. 2009). There are no available data on the
activity of OSI-906 or LDK-378 (also an inhibi-
tor of ALK)) in bone tumor models.

15.3.2 mTOR Inhibitors

In mammalian cells, the serine/threonine kinase
mTOR (target of rapamycin), a member of the
PI3 kinase like kinase (PIKK) superfamily, exists
in two complexes: mTORC1, comprising mTOR,
raptor, PRAS40, and mLst8 (GBL), and mTORC2
(mTOR, rictor, Sinl, mLst8, mAvo3) (Guertin
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and Sabatini 2009; Wullschleger et al. 2006).
Increasing evidence has implicated mTORCI as
a sensor that integrates extracellular and intracel-
lular events, coordinating cell size (growth), pro-
liferation, and survival. mnTORC1 may directly or
indirectly regulate cap-dependent translation ini-
tiation, membrane trafficking, protein degrada-
tion, ribosome biogenesis and tRNA synthesis, as
well as transcription (Bjornsti and Houghton
2004; Wullschleger et al. 2006). mTORC1 sig-
naling is negatively regulated by amino acid defi-
ciency, hypoxia, DNA damage, and increased
AMP levels, suppressing cap-dependent protein
synthesis. Thus, mTORC1 in concert with the
tuberous sclerosis complex (TSC) and Rheb
appears to sense nutrient and growth factor sta-
tus, as well as energy charge, and regulates pro-
gression from Gl to S phase. The mTORC2
complex phosphorylates Akt(Ser473) leading to
its full activation and regulates F-actin and the
cytoskeleton. Over the past few years, the role of
mTOR complexes in tumorigenesis and survival
has become apparent (Bjornsti and Houghton
2004; Wullschleger et al. 2006). Hence, inhibi-
tion of mTOR has become a focus for drug devel-
opment (Guertin and Sabatini 2009). In epithelial
cancers, such as breast and prostate, there is clear
evidence that the PI3K/TOR pathway is activated
through mutations (PI3K), loss of suppressors
(PTEN), as well as amplification of growth factor
receptors (Her2) that increase signaling flux
through the pathway. Although signaling via
IGF-1R activates the PI3K/TOR pathway, there
is less compelling evidence that bone cancers are
dependent or “addicted” to this pathway.
Rapamycin, a macrocyclic lactone antibiotic,
is the prototypic allosteric inhibitor of
mTOR. Rapamycin is a selective inhibitor of
mTORCI1 signaling, inhibits the proliferation of
many tumor cell lines in vitro including cell lines
derived from childhood cancers (Dilling et al.
1994; Houghton et al. 2008), and showed signifi-
cant antitumor activity against syngeneic tumor
models in the NCI in vivo screening program
(Houchens et al. 1983). In the PPTP screen
rapamycin induced significant differences in
event-free survival (EFS) distribution in 28 of 36
solid tumor xenografts and in 5 of 8 ALL xeno-

grafts with objective responses being observed in
several panels including one complete response
in an osteosarcoma model with undetectable
IGF-1R (Houghton et al. 2008). Blockade of the
mTOR pathway with rapamycin or its analog,
temsirolimus, led to significant inhibition of
experimental osteosarcoma lung metastasis
in vivo, suggesting that blocking the mTOR/
S6K1/4E-BP1 pathway may be an appropriate
target for strategies to reduce tumor cell metasta-
sis (Wan et al. 2005). A phosphorus-containing
rapalog also inhibited growth and angiogenesis
in two osteosarcoma models (Liu et al. 2013).
Rapalogs in general have shown only modest
single-agent preclinical activity, predominantly
in sarcoma and acute lymphoblastic leukemia
models; thus, combinations have been explored,
as described above for combination with IGF-
1R-targeted antibodies. A combination of temsi-
rolimus with zoledronic acid augmented the
inhibition of cancer cell proliferation and led to a
decrease in PI3K/mTOR signaling compared
with either treatment alone and reduced tumor
development in two murine models of osteoblas-
tic or osteolytic osteosarcoma. Furthermore,
zoledronic acid reversed temsirolimus resistance
in osteosarcoma, limiting osteosarcoma cell
growth when combined with everolimus (Ferrari
and Palmerini 2007; Moriceau et al. 2010).
Rapamycin potentiated the antitumor activity of
both cyclophosphamide and vincristine in studies
reported by the PPTP (Houghton et al. 2010a).
For two Ewing sarcoma and one osteosarcoma
models, a combination of rapamycin with vin-
cristine, cisplatin, or cyclophosphamide was
either additive or supra-additive in activity
(Houghton et al. 2010a). Rapalogs also potentiate
the effects of ionizing radiation in glioblastoma
(Eshleman et al. 2002) and prostate cancer cells
(Schiewer et al. 2012). Both rapamycin and
AZD8055, a TOR kinase inhibitor, downregulate
FANCD?2, a protein involved in homologous
recombination repair of DNA damage, and
AZDB8055 potentiates the effect of ionizing radia-
tion in vitro and in xenograft models of rhabdo-
myosarcoma (Shen et al. 2013). The effect of
TOR inhibitors on bone tumor response to
ionizing radiation has not been reported, but the
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observation that inhibition of TOR downregu-
lates FANCD?2 in diverse cell lines and enhances
tumor responses to ionizing radiation therapy
suggests that this approach would be of some use
for treatment of bone tumors.

Selective TOR kinase inhibitors have recently
been developed. AZD8055 and MLN-0128, both
ATP-competitive highly potent TOR kinase
inhibitors, have been evaluated in the PPTP
screen using daily dosing schedules (Kang et al.
2014; Lock et al. 2012). Both agents demon-
strated very modest activity with some growth
inhibition in several osteosarcoma and Ewing
sarcoma models. Despite clear evidence of TOR
kinase inhibition, as determined by the absence
of detectable phospho-4E-BP1 and phospho-S6,
there were no tumor regressions in any of the
models where the drugs were tested. No
combination studies have been reported for these
drugs. Other agents that inhibit PI3K and Akt
also had modest single-agent activity against the
models in the PPTP screen (Gorlick et al. 2012;
Houghton et al. 2010a; Reynolds et al. 2013),
suggesting a lack of dependence on this pathway
for bone tumors.

The rapamycin analogs (rapalogs) temsiroli-
mus (CCI-779) and everolimus (RADOO1) have
been approved for treatment of refractory renal
cell carcinoma (Hudes et al. 2007; Motzer et al.
2008), and temsirolimus demonstrates a high
response rate against mantle cell lymphoma at
relapse (Witzig et al. 2005). Both temsirolimus
(Spunt et al. 2011) and everolimus (Fouladi et al.
2007) have completed phase I trials in pediatric
patients. Both agents showed evidence of antitu-
mor activity, although not in patients with bone
sarcomas. Ridaforolimus did show activity with
confirmed PR in two osteosarcoma patients,
although the overall response rate in sarcoma was
low (1.9 %) (Chawla et al. 2012). Phase I trials
combining rapalogs with standard chemotherapy
are ongoing. The combination of irinotecan,
temozolomide, and temsirolimus demonstrated
activity in patients with refractory Ewing sar-
coma (Bagatell et al. 2014), and a combination
of rapamycin (sirolimus) with vinblastine
(Morgenstern et al. 2014) or bevacizumab (Piha-
Paul et al. 2014) has shown activity but not in

bone cancers. Temsirolimus has been combined
with liposomal doxorubicin to treat adult patients
with recurrent or refractory bone and soft tissue
sarcoma (Thornton et al. 2013), based on the
observation that at high concentrations rapamy-
cin could sensitize TC-71 Ewing sarcoma
ALDHMeh  “stem  cells” to doxorubicin.
Temsirolimus has also been combined with
vinorelbine and cyclophosphamide for treatment
of soft tissue sarcoma (NCT01222715). There
are currently no trials with TOR kinase inhibitors
being planned, although preclinical studies indi-
cate that these agents may enhance radiation
sensitivity.

15.3.3 Agents That Target EWS-FLI

Ewing sarcoma is characterized by the t(11;22)
(q24;q12) chromosomal translocation, which
joins the EWS gene located on chromosome 22
with the FLII gene located on chromosome 11.
The translocation fuses the 5’ portion of the
EWSRI1 gene on chromosome 22 to the 3’ por-
tion of the FLII (friend leukemia integration
locus-1) gene on chromosome 11 (Delattre et al.
1992; Zucman et al. 1992). FLI1 encodes the FLI
protein, a member of the ETS family of transcrip-
tion factors, and is involved in the control of cel-
lular proliferation, development, and
tumorigenesis (Hromas and Klemsz 1994).
EWS-FLI binds DNA via its FLI-derived ETS
domain and regulates gene expression through
the EWS portion of the fusion. The validity of
targeting EWS-FLI1 directly is demonstrated by
the finding that RNAi-mediated downregulation
of EWS-FLII increased apoptosis (Prieur et al.
2004). In addition, expression of EWS-FLI1 or
EWS-ERG in NIH3T3 cells inhibits stress-
induced apoptosis (Yi et al. 1997), while anti-
sense inhibition of EWS-FLI increases
susceptibility to chemotherapy-induced apopto-
sis in Ewing sarcoma cell lines.

15.3.3.1 Cytosine Arabinoside

Because EWS-FLI1 is a validated target, a screen
was undertaken to identify drugs that would alter
the expression profile of Ewing sarcoma cells in
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a manner similar to that found after RNAi-
mediated suppression of EWS-FLI1. Screening a
small-molecule library enriched for FDA-
approved drugs identified the antileukemic drug
cytosine arabinoside (Ara-C) as a modulator of
EWS-FLI. Ara-C reduced EWS/FLI protein
abundance and accordingly diminished cell via-
bility and transformation. The Ewing sarcoma
cell line used, A549, was more sensitive to Ara-C
than several epithelial cancer lines derived from
colon or breast carcinomas. In vivo, using the
A673 xenograft, five daily treatments with Ara-C
caused tumor regression. In contrast, none of six
Ewing sarcoma xenograft models were sensitive
to Ara-C in the PPTP evaluation, and Ewing sar-
coma cells were greater than 20-fold less sensitive
to Ara-C than a panel of acute lymphoblastic leu-
kemia cell lines in vitro (Houghton et al. 2010b).
Similar to the PPTP result, Ara-C given at the
dose and schedule utilized in the phase II trial
had minimal activity in the treatment of patients
with relapsed or refractory Ewing sarcoma
(DuBois et al. 2009). Although several reasons
for the failure of Ara-C in treatment of Ewing
sarcoma have been postulated, the observation
that a panel of Ewing sarcoma cells are signifi-
cantly less sensitive to Ara-C than ALL suggests
that appropriate comparator cell lines to identify
differential drug sensitivity are essential to accu-
rately translating preclinical results to the clinic.

15.3.3.2 Mithramycin

Mithramycin is a cytotoxic agent that intercalates
DNA possibly causing cross-linking in GC-rich
promoter sequences and suppressing Src tran-
scription after incubation of cells for 18 h at
50-100 nM (Remsing et al. 2003). In an early
study, mithramycin was reported to have activity
against Ewing sarcoma (Kofman et al. 1973).
Mithramycin was identified in a high-throughput
screen of more than 50,000 compounds for inhi-
bition of EWS-FLI1 activity in TC32 Ewing sar-
coma cells. The screen used a TC32 cell-based
luciferase reporter screen using the EWS-FLI1-
regulated NROB1 promoter and a gene signature
secondary screen to sort and prioritize “active”
compounds. The lead compound, mithramycin,
was characterized based on its ability to inhibit
EWS-FLII1 activity in vitro using microarray

expression  profiling, quantitative reverse
transcription-polymerase chain reaction, and
immunoblot analysis and in vivo using immuno-
histochemistry. Six-hour exposure to mithramy-
cin (10-200 nM) inhibited NROB1 promoter
activity and at 100 nM inhibited expression of
EWS-FLI1 downstream targets at the mRNA and
protein levels. Mithramycin decreased the growth
of Ewing sarcoma cells at half maximal inhibi-
tory  concentrations between 10  and
15 nM. Mithramycin suppressed the growth of
two different Ewing xenograft tumors TC-32 and
to a lesser extent TC-71 and prolonged the event-
free survival of Ewing sarcoma xenograft-bearing
mice by causing a decrease in mean tumor vol-
ume. In contrast, while mithramycin treatment
suppressed the growth of the MNNG-HOS osteo-
sarcoma model (no EWS-FLII) similarly to
TC-71, strangely, it did not increase event-free
survival (Grohar et al. 2011). Differential cell
sensitivity to mithramycin and several analogs
was not determined in limited in vitro screening
by the PPTP (Houghton, 2014). As mithramycin
is a very potent cytotoxin, and drug concentra-
tions that cause meaningful changes in transcrip-
tion are far in excess of the ICs, concentrations, it
is difficult to determine whether the antiprolifera-
tive or cytotoxic effects of mithramycin are
indeed the consequence of altered EWS-FLII
activity.

15.3.3.3 YK-4-279

Transcription factors, such as EWS-FLII, lack
enzymatic activity and because of their intrinsi-
cally disordered domains (Darnell 2002) have
been considered “undruggable.”” However, a
small molecule, YK-4-279, was identified that
blocks the interaction of EWS-FLI1 with RNA
helicase A (RHA), thought to be important for
EWS-FLI1 transcriptional activity (Erkizan
et al. 2009; Toretsky et al. 2006). EWS-FLI1
binds RHA in a unique region that is not occu-
pied by other transcriptional or RNA metabolism
proteins (Toretsky et al. 2006); hence, poten-
tially disrupting the interaction between EWS-
FLI1 and RHA could suppress EWS-FLI1
activity. YK-4-279 was identified by screening
an NCI small-molecule library using surface
plasmon resonance binding to an EWS-FLI1
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peptide. This agent reduced growth of CHP-100
Ewing sarcoma xenografts but had no activity
against a prostate cancer model that does not
express EWS-FLI1. Further studies showed that
it is the S enantiomer that is the active compo-
nent (Barber-Rotenberg et al. 2012) and that
administration using continuous infusions of
YK-4-279 in Ewing sarcoma xenografts in an
athymic nude rat model optimized antitumor
activity (Hong et al. 2014). Thus, this agent is
continuing to be developed as an Ewing sar-
coma-specific therapeutic.

15.3.3.4 Poly(ADP-Ribose)
Polymerase (PARP)
Inhibitors

The observation that cells defective in homolo-
gous recombination as a consequence of muta-
tion in BRCAI or BRCA2 are hypersensitive to
inhibitors of poly(ADP-ribose) polymerase
(PARP) has spurred the development of PARP
inhibitors. Early clinical trials, largely focused on
breast cancer, have demonstrated a high fre-
quency of tumor responses in BRCA-mutant
patients (Fong et al. 2010; Tutt et al. 2010). In the
absence of functional homologous recombina-
tion, cells become dependent upon base excision
repair (BER) for repair of DNA single-strand
breaks and repair of apurinic sites within
DNA. PARP-1 and PARP-2 play an essential role
in BER, and enhanced cytotoxicity associated
with PARP inhibition correlates closely with
PARP-1 binding to the 5’'-deoxyribose phosphate
group-containing BER intermediate (Horton and
Wilson 2013). Even in the presence of an inhibi-
tor, PARP binds damaged DNA, and it is consid-
ered that the inactive-DNA-bound PARP-1 is
persistent, inhibiting the BER process. Inhibition
of PARP-1 catalytic activity may result in trap-
ping of the enzyme on DNA, as catalytic inhibi-
tors prevent dissociation of PARP from
DNA. Dissociation of the enzyme from DNA is
required for completion of DNA repair (Murai
et al. 2012). The cytotoxicity of inhibited PARP
bound to DNA is linked to formation of
replication-dependent DNA double-strand breaks
and induction of both p53-dependent and
p53-independent cell deaths (Nguyen et al.
2011). PARP-1 and PARP-2 knockout mice have

severe deficiencies in DNA repair and increased
sensitivity to alkylating agents or ionizing radia-
tion (Masutani et al. 2000).

Recently, a systematic screen to identify bio-
markers of drug sensitivity identified Ewing sar-
coma cells as being hypersensitive to inhibitors
of PARP (Garnett et al. 2012). Simultaneously,
another report (Brenner et al. 2012) proposed
that Ewing sarcoma cells were hypersensitive to
PARP inhibitors as a consequence of EWS-FLI1
or EWS-ERG binding PARP1, mediated by the
ETS DNA-binding domain (Brenner et al. 2011).
PARP1 may also be positively regulated by
EWS-FLI1, as the ETS transcription factor regu-
lates this gene (Soldatenkov et al. 1999), and
maintain the expression of PARPI that is
required for EWS-FLI1-mediated transcription.
Thus, hypothetically, inhibition of PARPI, in the
context of EWS-FLI1, would reduce EWS-
FLI1-mediated transcription and induce apopto-
sis. In addition to its role in BER, PARP1 is also
involved in transcription through remodeling of
chromatin by PARylating histones and relaxing
chromatin structure, thus allowing transcription
complexes to access genes. Of note, while cells
with EWS-FLII expression were more sensitive
to the PARP inhibitor olaparib, the single-agent
activity against the RD-ES Ewing sarcoma xeno-
graft was quite modest (53 % inhibition of tumor
growth). Similar results were obtained with tala-
zoparib (BMN-673), a potent stereoselective
PARP1/2 inhibitor when tested across the in vitro
and in vivo panels of solid tumors and acute leu-
kemia models in the PPTP (Smith et al. 2015). In
vitro, Ewing sarcoma cell lines were signifi-
cantly more sensitive to talazoparib than other
cell lines. The in vitro results showing hypersen-
sitivity of Ewing sarcoma cells compared to
other cell types extend previous observations
regarding the relationship between SLFNII
expression and the in vitro activity of PARP
inhibitors like talazoparib to childhood cancer
cell lines (Murai et al. 2014b). The PPTP results
suggest that the primary effect of SLFNII
expression is in promoting a cytotoxic rather
than a cytostatic response to PARP inhibition.
Among the PPTP cell lines, SLFN11 expression
was significantly higher for the Ewing cell lines
providing one mechanism that may contribute to
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the preferential response of Ewing cell lines to
PARP inhibitors. The single-agent in vivo
BMNG673 antitumor activity against 43 solid
tumor and ALL xenograft models was modest
activity with progressive disease in all five
Ewing sarcoma xenografts. Expanded testing
demonstrated no meaningful tumor inhibition in
ten Ewing sarcoma xenografts.

As discussed above, it was thought that PARP1
inhibitors potentiate the activity of chemotherapy
agents through their inhibition of the catalytic
activity PARPI, leading to accumulation of DNA
single-strand breaks (Plummer 2010). However,
recent studies have indicated that some PARP1
inhibitors have a second mechanism of action
related to their ability to tightly trap PARPI to
DNA at sites of DNA single-strand breaks (Kedar
et al. 2012; Murai et al. 2012). The PARP-DNA
complexes are more cytotoxic than unrepaired
DNA single-stand breaks caused by inhibition of
PARP enzymatic activity (Murai et al. 2012). The
ability of PARP inhibitors to trap PARP is unre-
lated to their potency in inhibiting PARP1 enzy-
matic activity, and the inhibitors differ in their
potency at PARP trapping with talazoparib being
the most potent and veliparib being the least
potent (Murai et al. 2012, 2014a). Chemotherapy
agents likewise differ in their ability to induce
PARP1 trapping, with methylating agents such as
methyl methanesulfonate (MMS) and temozolo-
mide being highly effective and with agents like
camptothecins, cisplatin, or etoposide being inef-
fective (Murai et al. 2012, 2014a, c). This vari-
ability is consistent with a failure to demonstrate
synergy when olaparib was combined with cyclo-
phosphamide and topotecan in xenograft models
(Norris et al. 2014).

Despite the relatively modest activity of PARP
inhibitors as single agents, there is marked syn-
ergy when combined with temozolomide
(Brenner et al. 2012). Talazoparib dramatically
increased the cytotoxic potency of temozolomide
up to 70-fold, with marked potentiation in three
of four Ewing sarcoma lines (30-50-fold), as
well as some leukemia cell lines. In vivo, tala-
zoparib potentiated the toxicity of temozolomide,
and maximum tolerated doses of temozolomide,
when combined with low-dose or high-dose
BMN-673, demonstrated significant synergism

against five of ten Ewing sarcoma xenografts. Of
interest is that four Ewing sarcoma xenograft
models had poor responses to the combinations,
yet all express the type 1 EWS-FLII fusion. In
contrast to the results with Ewing sarcoma xeno-
grafts, there was little antitumor activity against
four osteosarcoma xenografts when high-dose
BMN-673 was combined with lower dose temo-
zolomide, further emphasizing the distinctive
sensitivity of Ewing sarcoma to this combination.
PARP1 inhibition by RNAI or olaparib treatment
also uniquely sensitized Ewing sarcoma cell lines
to ionizing radiation, and this effect was abro-
gated when EWS-FLI1 was silenced (Lee et al.
2013). A combination of olaparib with 4 Gy radi-
ation effectively halted growth of the SK-N-MC
Ewing sarcoma xenograft in mice.

At least seven PARP inhibitors are in clini-
cal development. Multiple PARP inhibitors have
shown single-agent activity against cancers arising
in patients with BRCAI or BRCA2 mutations (De
Bonoetal.2013; Kaufmanetal. 2013; Sandhu et al.
2013), and phase III clinical trials are ongoing for
ovarian cancer (olaparib, NCT01874353; olaparib,
NCT01844986; niraparib, NCT01847274; ruca-
parib, NCT01968213) and breast cancer (olaparib,
NCT02000622; olaparib, NCT02032823; nirapa-
rib, NCT01905592; talazoparib, NCT01945775).
However, a recent study failed to demonstrate
single-agent activity for olaparib in adult patients
with recurrent or metastatic Ewing sarcoma (Choy
et al. 2013). Two combination trials with temo-
zolomide are currently accruing patients: nirapa-
rib with temozolomide in previously treated,
incurable Ewing Sarcoma (NCT02044120) for
patients 13 years and older and talazoparib with
temozolomide in patients 13 months to 30 years of
age (NCT02116777).

15.4 Immunotherapy

Improvements in traditional pediatric cancer
treatments such as chemotherapy and radiation
have been made over the past several decades
through the use of clinical trials, with resultant
increases in survival rates for select cancer sub-
types. Advancement using traditional cytotoxic
chemotherapies for pediatric bone cancers, how-
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ever, has plateaued, and toxicities remain sub-
stantially problematic (Smith et al. 2010b).
Therefore, research for pediatric malignancies
has shifted its focus to not only increase survival
rates but to tailor therapies to specifically target
cancer cells, thus sparing healthy cells from tox-
icity. Advances in the knowledge of the molecu-
lar biology and genetics of tumors have led to the
development of drugs targeted at particular
pathways involved in tumorigenesis, growth, and
metastasis. Further understanding of tumor
immunology has also resulted in the discovery of
several promising candidates for therapeutic tar-
geting. Finally, after decades of unfulfilled prom-
ise, cancer immunotherapies have come to
culmination, with numerous FDA-approved
products now available and several more exhibit-
ing potential therapeutic aptitude in clinical trials
for both adult and pediatric cancers. In fact,
immune-based therapies are gaining traction with
increasing reports of antitumor efficacy in adult
cancers and have shown promise in liquid tumors
such as leukemia in the pediatric realm. Presently
utilized immunotherapeutic approaches include
the infusion of cytokines, adoptive transfer of
immunologic effector cells, vaccines, and T cells
engineered to express chimeric receptors and
bispecific antibodies. A plethora of current
research is aimed at the immunologic microenvi-
ronment of solid tumors, with the expectation
that these targeted therapies will ultimately pro-
vide the answer to the stalled success burdening
the pediatric bone tumor world.

Suspicion that the immune system’s response
may play an important role in the eventual rejec-
tion of tumors is not novel. In the late nineteenth
century, surgical oncologist William Coley intro-
duced intratumoral injections of “Coley’s toxin”
in sarcoma patients. This potent infectious-based
toxin induced a significant systemic immune
response, sometimes leading to the eventual
death of the patient. However, it was found that
for those patients capable of overcoming the
infection, the responses to their cancers were
improved (Coley 1933). This may have been the
first notion that the immune system may play a
role in the fight against cancer, and inducing an
immune response in cancer patients may be ben-
eficial. Another, more recent immunologic-based

treatment for sarcoma patients is muramyl
tripeptide (MTP), derived from bacterial cell wall
and thought to induce macrophage activity.
Inhaled MTP was used in an effort to eradicate
micrometastatic lung disease via provoking an
inflammatory response to the substance, the
resultant recruitment of immune cells, and there-
fore the death of tumor cells (Meyers and Chou
2014). Studied in the COG 7921/INT-0133
(POG-9351) protocol, it was found that patients
who received MTP had an increased 6-year OS
(78 %) compared to patients who did not receive
MTP (70 %) (p=0.03) (Meyers et al. 2005). In a
more recent study, NCT00631631 in high-risk
osteosarcoma patients was completed in October
of 2012, with results currently pending at the
time of this writing.

Discoveries of potential immunologic targets
on pediatric bone tumors are being reported fre-
quently. Cancer testis antigens (CTAs) are rela-
tively recently detected proteins expressed on
several malignancies. Some of these are highly
immunogenic and represent possible immuno-
therapy targets (Akers et al. 2010; Hofmann et al.
2008; Orentas et al. 2012b). Genes encoding can-
cer testis antigens are expressed in germ cells of
the testis and ovary and/or the placenta and also
in tumors, with two or less non-germline normal
tissues exhibiting expression (Akers et al. 2010).
Although highly expressed in testis, CTA genes
display heterogeneous expression and are there-
fore categorized as testis restricted, testis/brain
restricted, or testis selective (Hofmann et al.
2008). Over 265 CTA genes have been described
to date (Dobrynin et al. 2013). There exist non-
CTA antigens in pediatric cancers as well, includ-
ing differentiation antigens and oncogenes, some
of which are already incorporated as targets in
immunotherapeutic trials (Orentas et al. 2012a).

Some studies have focused on the integration
of immunotherapies into a multimodal regimen
for the treatment of pediatric high-risk sarcomas.
It was demonstrated that this approach using con-
solidative immunotherapy results in significantly
improved 5-year overall survival (43 %) versus
that for patients who did not receive consolida-
tive immunotherapy (15 %) (Mackall et al. 2008).
Patients who received immunotherapy were
noted to experience minimal toxicity as well.
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15.4.1 Cytokines

Cell signaling molecules, the cytokines, include
chemokines, interferons (IFNs), interleukins
(ILs), and tumor necrosis factor. These molecules
serve to regulate the immune system through acti-
vation, suppression, proliferation, and apoptotic
signaling. Cytokine-based immunotherapies have
also been reported to enhance the antigen-
nonspecific effects of memory T cells (Tietze
et al. 2012). Cytokines including GM-CSF, IL-2,
IL-7, IL-12, IL-15, IL-18, and IL-21 have been
utilized for recent immunotherapy clinical trials
in patients with advanced cancers (Lee and
Margolin 2011). Unfortunately, systemic admin-
istration of these agents can yield nonspecific
immune activation and potentially significant tox-
icities, including autoimmunity (Lechner et al.
2011).

15.4.1.1 Interferons (IFNs)

The IFNs are characterized by their binding abili-
ties to either type I, II, or III receptors. Type I
IFNs, consisting of IFNa and IFN, are secreted
by most somatic cells and are chiefly involved in
antiviral cellular immune responses via activa-
tion of the JAK-STAT signaling pathway (Lee
and Margolin 2011). As a result, they activate
cytotoxic T lymphocytes (CTLs), natural killer
(NK) cells, and macrophages and, in addition,
induce the maturation of dendritic cells and
upregulate major histocompatibility complex
(MHC) class I expression, resulting in increased
tumoral antigen presentation (Lee and Margolin
2011). Type I IFNs also can induce antiangio-
genic and apoptotic effects.

IFN« is the only approved adjuvant therapy
for patients with high-risk stage II or III melano-
mas, based upon clinical trials with evidence of
improved disease-free survival. Itis also approved
for the treatment of some hematologic malignan-
cies and AIDS-related Kaposi’s sarcoma and
used in combinations for other cancers. It has
shown efficacy against hairy cell leukemia and
chronic myelogenous leukemia as well, though
relapses after therapy were common (Lee and
Margolin 2011). Toxicities of IFNa are dose
related and seem to be mostly self-limiting.

Constitutional symptoms of fatigue, fever, head-
ache, GI upset, and myalgias are reported to
occur in >80 % of patients. Hepatic transaminitis,
marrow suppression including thrombocytope-
nia, leukopenia, and neutropenia are relatively
common. Psychiatric manifestations including
depression, often serious, confusion, and mania
are possible. Autoimmune disease development
has been reported (Lee and Margolin 2011).

IFNP demonstrates more potent antiprolifera-
tive effects than IFNa in preclinical cancer mod-
els. However, its low bioavailability and persistent
side effects limit its therapeutic usefulness (Lee
and Margolin 2011).

IFNy, the only type II IFN, also works through
the JAK-STAT pathway (Lee and Margolin
2011). It activates macrophages and induces
increased antigen presentation by a variety of
ways. Firstly, it upregulates MHC class I, MHC
class II, and costimulatory molecule expression
on antigen-presenting cells (APCs). Secondly, it
causes changes within the proteasome. In addi-
tion to improved antigenic epitope presentation,
IFNy also promotes CD4+ T cellular differentia-
tion toward a Th1 phenotype. Its clinical useful-
ness is limited, however, due to its narrow
therapeutic index (Lee and Margolin 2011).

The recently described type III interferons,
consisting of IFN-y1, IFN-y2, and IFN-y3, have
not yet been established as therapeutically rele-
vant. Notably, their receptor expression is limited
to only cells of epithelial origin (Lee and
Margolin 2011).

15.4.1.2 IL-2 and Family

IL-2 and its family members (IL-4, IL-7, IL-9,
IL-15, and IL-21) are potent T cell signaling mol-
ecules that result in the proliferation and activa-
tion of CD4+ and CD8+ T cells and NK cells.
IL-2 has been shown to suppress T cells through
the competitive activation of Tregs, thereby char-
acterizing it as a regulatory cytokine and media-
tor of the overall T cell immune response.
Currently, IL-2 is utilized clinically in the treat-
ment of patients with metastatic melanoma and
metastatic clear cell renal carcinoma (Lechner
et al. 2011; Lee and Margolin 2011) and in pedi-
atric tumors as an adjunctive therapy against
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neuroblastoma. Systemic IL-2 therapy invariably
leads to untargeted immune stimulation. Side
effects include severe inflammatory responses,
with capillary leak syndrome (hypotension,
tachycardia, peripheral edema, pulmonary
edema) being the most prominent. Other symp-
toms include fever, chills, fatigue, GI upset, and
hepatic transaminitis.

In the treatment of pediatric bone tumor
patients, NCT00001564, a pilot study of tumor-
specific peptide vaccination and IL-2 with or
without autologous T cell transplantation in
recurrent pediatric sarcomas, IL-2 is used as an
adjunct to other immunotherapeutic approaches.
This trial conducted by the NCI was opened in
December of 1996 and closed in October of
2007. Results are currently still pending at the
time of this writing.

IL-7, one of the IL-2-related cytokines, also
influences T cell proliferation and survival. It has
been shown to selectively expand CTLs over
Treg populations. Early phase clinical trials have
shown IL-7 to be well tolerated. IL-15 promotes
T cell proliferation and activation and supports
the persistence of memory CD8+ T cells. IL-21
promotes T cell proliferation and enhancement of
CTL and NK cell cytotoxicity. Both of these have
shown modest preliminary results in early phase
clinical trials in adults with non-bony tumors
(Lee and Margolin 2011).

15.4.1.3 IL-6

IL-6 is known to mediate inflammation and
causes stem cell differentiation. It has been
shown to play a role in cancer pathogenesis, with
its overexpression correlating with poorer prog-
nosis. With the recent use of CAR T cells in clini-
cal trials, it was found that the cytokine storm
elicited was highly attributable to IL-6 secretion.
Tocilizumab, a monoclonal antibody against the
IL-6 receptor, has been demonstrated to reverse
this phenomenon clinically (Teachey et al. 2013).
Recent data suggest that IL-6 and IL-8 signaling
may play a role in osteosarcoma metastasis (Bid
et al. 2014), raising the possibility that agents dis-
rupting these cytokines or their downstream sig-
naling pathways may be worthy of testing in
future clinical trials.

15.4.1.4 IL-12

IL-12 is produced in response to antigenic stimu-
lation, with subsequent IFNy production. It serves
as a T cell and NK cell growth factor and promotes
the Th1 phenotype differentiation of CD4+ T cells
while enhancing cytotoxicity of CTLs. It report-
edly provokes antiangiogenic effects as well.
IL-12 has been evaluated in metastatic melanoma
patients with poor overall results as a monotherapy
but slightly improved results when combined with
other cytokine therapy. Its effects seem to be dose
and schedule-dependent, with notable induction of
IL-10 as one of its therapeutic downfalls.

15.4.1.5 IL-18

IL-18 is known to stimulate NK cells and CTLs to
secrete IFNy, enhancing their cytotoxicity. It also
serves to activate macrophages. Its safety profile
has been documented in phase I clinical trials, but
clinical responses have been modest thus far.

15.4.1.6 GM-CSF

GM-CSF is known to mediate hematopoiesis and
monocyte/macrophage differentiation. It stimu-
lates myelopoiesis and promotes dendritic cell
maturation and activation. Its ability to stimulate
immune responses has been demonstrated in sev-
eral tumor models and shows promising results
both when used alone and in combination with
other immunotherapeutic agents. A recombinant
version of this molecule is FDA approved for use
to decrease time of neutropenia and thereby
reduce infection risk following chemotherapy
and to mobilize progenitor cells to peripheral
blood for leukapheresis. As a single agent, it has
shown to have antitumor effects when injected
directly into metastatic melanoma lesions (Lee
and Margolin 2011).

15.4.2 Adoptive Transfer
of Immunologically
Active Cells

The infusion of autologous immune cells has
been studied in several cancer types. Whether it
be NK cells or T cells, all have been shown to
have some efficacy against solid tumors. The
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procedure can be quite lengthy, costly, and com-
plex and involves the harvesting of a patient’s
cells, usually through apheresis. This is followed
by priming of the cells with tumor antigens,
expansion of the population in vitro, and reintro-
duction into the patient. The result is an HLA-
matched infusion of tumor-specific activated
immune cells and the possibility of the produc-
tion of memory cells as well. Cytokine storm has
been seen with infusion in these patients, and the
infused cells have been shown to reach exhaus-
tion and die off quickly in vivo.

Preclinically, activity of patient-derived
cytokine-induced killer cells has been shown to
be effective against autologous bone sarcomas
(Sangiolo et al. 2014). Among pediatric bone
tumors, Ewing sarcoma has been demonstrated
to be susceptible to expanded NK cells (Cho
et al. 2010). Osteosarcoma cells have also been
shown to be sensitive to both allogeneic and
autologous IL-15-induced NK cells (Buddingh
et al. 2011). T cells primed against tumor anti-
gens such as HER-2 have been demonstrated to
target osteosarcomas expressing that antigen
(Rainusso et al. 2012). y8 T cell-based immuno-
therapy for osteosarcoma has also been shown
to improve efficacy for treatment of osteosar-
coma (Li 2013). Currently open clinical trials
include NCT02100891, a phase II STIR trial of
haploidentical transplant and donor natural
killer cells for patients with high-risk solid
tumors including Ewing sarcoma, opened in
March of 2014.

15.4.3 Vaccines

Several versions of cancer vaccines have been
developed, all of which expose the patient to
tumor antigens with intent of inducing an antitu-
moral cellular immune response in situ and the
generation of memory cells (Orentas et al.
2012a). Several ex vivo and in vivo versions of
vaccines have been studied in which antigen-
presenting cells are exposed either to peptides
known to be expressed on the patient’s tumor or
whole autologous tumor lysates. These vaccines

are often combined with immunologic adjuvants
to further boost the immune response. Vaccine
types encompass whole tumor cell vaccines,
known antigen vaccines, DNA-based vaccines,
and vector-based vaccines.

Whole tumor vaccines use irradiated autolo-
gous whole tumor cells. An advantage to this
approach is that several antigenic epitopes may
be present and stimulate a multimodal T cell rep-
ertoire. In addition, there is no need to identify
tumor-specific antigens using whole tumor cells,
making this an attractive approach for tumor
types for which an antigen is unknown. Antigen
vaccines use one or a few antigens rather than
whole tumor cells, often combining several anti-
gens in hopes of getting a stronger response.
This vaccine type requires known tumor anti-
gens. DNA vaccines use vectors given protein
antigen-encoding DNA. Vector-based vaccines
may be used to deliver more than one cancer
antigen at a time. These are easier and less
expensive to make than their counterparts.
Dendritic cell vaccines can be either autologous
or allogeneic. Dendritic cell-based immunother-
apy has been reported to be a feasible, well-tol-
erated, and promising approach in the treatment
of children with refractory malignant tumors
(Suminoe et al. 2009). However, an early phase
study of autologous dendritic cell vaccination
was recently evaluated in patients with relapsed
osteosarcoma and was found to be safe and fea-
sible, but without evidence of much clinical ben-
efit (Himoudi et al. 2012). Fusion of tumor cells
with dendritic cells is also an effective method
for introducing tumor antigens to dendritic cells,
and this vaccine type has been shown to be a suc-
cessful way to stimulate autologous T cells.
Antitumor effects have been demonstrated using
this vaccine type against osteosarcoma cells (Yu
et al. 2005).

As of this writing, only one dendritic cell vac-
cine is FDA approved, a vaccine for hormone-
resistant advanced stage prostate cancer
(sipuleucel-T or Provenge) (Palucka and
Banchereau 2013). This vaccine uses dendritic
cells exposed to prostatic acid phosphatase (PAP)
and has been shown to extend patient’s lives by
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an average of 4 months. Side effects include
fever, chills, fatigue, back and joint pain, nausea,
and headache. Currently open vaccine trials
include NCTO01522820, targeting patients with
NY-ESO-1 expressing solid tumors.

15.4.4 Checkpoint Inhibitors

Despite progress in immune-based therapies,
there are several unresolved limitations to T cell-
mediated therapies for solid tumors. Interference
of T cell-facilitated elimination of cancer cells
may occur due to several factors, such as decrease
in access to tumor cells and T cell suppression. T
cells may be physically excluded from tumors by
abnormal tumor vascularization, and several clin-
ical trials are currently in progress which target
tumor pro-angiogenic factors. In addition, T cells
are subject to intrinsic regulation (such as granule
content) and extrinsic factors (such as the pres-
ence of suppressor cells or suppressive chemo-
kines and cytokines) (Palucka and Banchereau
2013). Multiple studies have considered the
tumor microenvironment as an entity in itself,
operating as its own individual milieu indepen-
dently of the surrounding host environment. Even
more interesting is the commonly accepted
notion that this microenvironment influences the
efficacy of the host system to clear cancer cells,
either through the stimulation of pro-tumoral
cytokines or through the signaling of host immu-
nosuppressive mechanisms, such as in the recruit-
ment of myeloid-derived suppressor cells.
Immunoediting, a tumor’s ability to manipulate
its microenvironment through tumor-derived
cytokines, allows tumors to evolve and thus con-
tinued evasion of the immune response.

15.4.4.1 CTLA-4 Blockade

There are currently several studies looking at
inhibitors of critical T cell “checkpoints” such as
PD-1 and CTLA-4. In adult cancers such as mel-
anoma, antibodies which block these receptors
have shown encouraging results (Ott et al. 2013).
The first approved antibody that blocks such
immunoregulatory mechanisms, ipilimumab, is

directed against CTLA-4, the T cell downregula-
tory molecule that normally prevents autoimmu-
nity and allows self-tolerance. Ipilimumab
prolongs T cell activation and promotes T cell
proliferation, thus in effect “cutting the breaks”
on the antitumoral adaptive immune response.
Several phase III clinical trials demonstrated sig-
nificant increases in survival rates for advanced
stage melanoma patients (Kirkwood et al. 2012).
Another anti-CTLA-4 antibody, tremelimumab,
has also shown promising clinical activity in
advanced melanoma patients. Currently, clinical
trials using these agents are expanding to include
other immunomodulatory agents such as IFNa
(Kirkwood et al. 2012).

15.4.4.2 PD-1and PD-L1 Blockade

PD-1, an inhibitory receptor in the same family
as CTLA-4, is expressed on B cells, monocytes,
activated T cells, and Treg cells (Kirkwood et al.
2012). Its presence has been implicated in T cell
anergy and thus tumor immune escape (Kirkwood
et al. 2012). Its ligands, PD-L1 and PD-L2, are
expressed on peripheral tissues to suppress self-
reactive lymphocytes and are variably expressed
on APCs and induce T cell anergy or apoptosis.
PD-Ls expressed on tumors can function to regu-
late Tregs, resulting in tumor-induced immune
suppression. The presence of PD-L1 on tumor
cells has been found to be inversely correlated
with tumor-infiltrating lymphocytes and prog-
nostic outcome in several cancer subtypes
(Kirkwood et al. 2012). In earlier development,
anti-PD-1-targeting  monoclonal  antibodies
appear to be a promising immunoregulatory
checkpoint blockade strategy, with PD-1 block-
ade enhancing tumor-specific CTL function and
proliferation in melanomas (Kirkwood et al.
2012). MDX-1106 (ONO-4538) has been tested
in a phase I and II studies for patients with
relapsed or refractory solid tumors. No signifi-
cant toxicities were observed and some objective
responses were observed (Kirkwood et al. 2012).
MDX-1105 (BMS-936559), a monoclonal anti-
body targeting PD-L1, is currently being tested in
a phase I study for patients with solid tumors
(Kirkwood et al. 2012).
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15.4.4.3 Other Inmunoregulatory
Regulators

Other immunomodulatory regulator targets
include those against CD40, a costimulatory mol-
ecule involved in the licensing of APCs and
widely expressed by immune cells and multiple
cancer subtypes alike, OX40 and OX40L, which
function to enhance T cell expansion, survival,
and cytokine production, and CD137 (4-1BB)
and its ligand (Kirkwood et al. 2012).

15.4.5 Antibodies and CART Cells

Monoclonal antibody-based immunotherapy
against tumor antigens has been shown to be
an effective treatment method for both hemato-
logic malignancies and solid tumors (Kirkwood
et al. 2012). Antibodies function in part by bind-
ing their target antigen with the hypervariable
region and engaging effector cells with their
constant region, killing the target cell by stimu-
lating antibody-dependent cellular cytotoxicity.
Alternatively, more recently engineered bispe-
cific T cell engager (BiTE) antibodies link the
target cell and the immune cell with two separate
but linked hypervariable regions. Similarly, CAR
T cells are another strategy to direct effector cells
to tumor cells. Early studies suggest both of these
approaches have activity in certain leukemias,
but their efficacy for solid tumors is less clear.
Barriers to therapeutic efficacy include traffick-
ing of the cells to the tumor and the immuno-
suppressive microenvironment. Nevertheless,
preclinical studies show some efficacy and sev-
eral clinical trials are already underway. Side
effects observed thus far with monoclonal anti-
body therapies have been mild, with most rep-
resenting allergic or hypersensitivity reactions
(Kirkwood et al. 2012).

15.4.5.1 Anti-GD2

Targeting the ganglioside GD2 using a monoclo-
nal antibody improved survival for patients with
neuroblastoma (Yu et al. 2010). GD2 is expressed
on Ewing sarcomas (Kailayangiri et al. 2012;
Lipinski et al. 1986) and osteosarcoma (Roth
et al. 2014). Several clinical trials of anti-GD2

antibodies, bispecific antibodies that recognize
GD2 and CD3, and anti-GD2 CAR T cells in
GD2+ sarcomas that include osteosarcoma and
Ewing sarcoma are currently ongoing, and newer
generations such as antibodies altered to elicit
fewer side effects or conjugated to molecules
such as IL-2 for improved efficacy are in
development.

15.4.5.2 Anti-RANKL

The receptor activator of nuclear factor-kappaB
(RANK) is a member of the tumor necrosis factor
receptor family, and its activation by RANK
ligand (RANKL) drives osteoclast development.
The RANK/RANKL axis was shown to be active
in mouse and human osteosarcoma cells
(Gollamudi et al. 2010; Wittrant et al. 2006), and
RANK expression is associated with a worse
prognosis in patients (Bago-Horvath et al. 2014).
Interruption of the pathway with an RANKL-Fc
suggested it is important in cell migration and
metastasis and tumor growth (Akiyama et al.
2010). Denosumab is an anti-RANKL antibody
developed for treatment of osteoporosis. Its util-
ity alone or in combination therapy for osteosar-
coma has not been tested.

15.4.5.3 Anti-IGF-R1

As described above, various renditions of mono-
clonal antibodies directed against the human
insulin-like growth factor-1 receptor (IGF-1R)
have been developed and tested in solid tumors.
Preclinically, cetuximab was shown to potentiate
the cytotoxicity of resting NK cells against osteo-
sarcoma (Pahl et al. 2012). In the pediatric realm,
cixutumumab was found to be well tolerated but
showed limited activity as a single agent in chil-
dren with refractory solid tumors. Combinatorial
studies with other IGF pathway inhibitors are
currently ongoing (Weigel et al. 2014).

15.4.5.4 Anti-HER2

Human epidermal growth factor receptor 2
(HER?2) is overexpressed in osteosarcoma and
has been reported as a biomarker to predict poor
therapeutic response and decreased survival (Ebb
et al. 2012). A phase II trial conducted by
Children’s Oncology Group using the already
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established monoclonal antibody against HER2,
trastuzumab, combined with conventional che-
motherapy in metastatic osteosarcoma patients
was shown to provide no significant improve-
mentinoutcomes (Ebbetal. 2012). Trastuzumab’s
therapeutic significance in osteosarcomas cur-
rently remains uncertain.

15.4.5.5 CARTCells

Chimeric antigen receptors, or CARs, are engi-
neered T cell receptors with engrafted monoclo-
nal antibody specificity and represent a means to
produce a large number of cancer-specific T cells
available for adoptive transfer. Because CAR Ts
express single-chain engineered T cell receptors,
they are capable of bypassing the MHC class I
restriction of other T cell therapies. Three gener-
ations of CARs have been developed to date, with
each new generation improving on its transmem-
brane and intramembranous costimulatory
molecular domains. No single configuration has
yet been accepted as universally optimal, making
clinical applications unique and difficult to com-
pare (Marr et al. 2012). Phase I clinical studies of
CAR Ts have shown efficacy in leukemia
(Kochenderfer et al. 2012), with a fraction of the
T cells in these patients displaying a memory
phenotype as well (Louis et al. 2011; Xu et al.
2014). Utilizing CAR technology against solid
tumors has proven to be more challenging, as the
tumor microenvironment is thought to play a role
in the prevention of significant responses to CAR
therapy (Han et al. 2013; Kakarla et al. 2013).
Several antigenic targets are being used to arm
CAR T cells, including those relevant for pediat-
ric bone tumors, HER2 and GD2. NCT02107963
is a phase I clinical trial conducted by the NCI
using anti-GD2 CARs in pediatric patients with
non-neuroblastoma GD2+ solid tumors, opened
in February 2014.

15.4.5.6 BiTE Cells

Bispecific T cell engagers, or BiTEs, are fusion
proteins of two single-chain variable fragments
(scFv) of different antibodies linked by a sin-
gle peptide chain. One scFv binds T cells via
the CD3 receptor, while the other scFv binds
tumor cells via a tumor-specific antigen. These

are used as a means to direct host CTLs against
cancer cells independent of MHC class I expres-
sion or the presence of costimulatory molecules.
However, this MHC-independent approach
requires a known antigenic target. For example,
blinatumomab (MT103) is an anti-CD19 (B
cell surface molecule) BiTE used in the treat-
ment of non-Hodgkin’s lymphoma and acute
lymphoblastic lymphoma (NCT00274742) and
has several studies recruiting for use in acute
leukemias  (NCT01466179, NCT02000427,
NCT02013167, NCT01471782). Once again, the
tumor microenvironment poses an obstacle for
the treatment of solid tumors which is not expe-
rienced with liquid tumors using this technol-
ogy. Nonetheless, currently open clinical trials
for pediatric bone tumors using BiTE therapies
include NCTO02173093, opened in July 2014.
This is a phase I/1I trial for pediatric patients with
neuroblastoma and GD2-positive tumors such as
osteosarcoma using OKT3 X humanized 3 F8
bispecific antibodies (GD2Bi).

15.5 Virotherapy

The use of viruses to lytically infect and kill
tumor cells has long been sought as a cancer
treatment strategy (Kelly and Russell 2007). In
general, such viruses fall into two broad catego-
ries: wild-type, nonpathogenic viruses and atten-
vated, pathogenic viruses. It is becoming
increasingly clear that in addition to direct lytic
infection, the so-called oncolytic viruses can
induce antitumor T cell immunity directed
against tumor-associated antigens (Kaufman
et al. 2010), in some cases by inducing an
“immunogenic cell death” (Workenhe and
Mossman 2014). Recent evidence suggests a
third mechanism of tumor destruction induced
by virus infection, production of a diffusible
cytokine storm involving such proteins as IFN,
TNFa, and TRAIL, which is particularly impor-
tant for killing nearby but uninfected tumor cells
(Beug et al. 2014). Finally, viruses can be engi-
neered as gene delivery vehicles for the purposes
of enhancing the immune response, inducing
antiangiogenesis, activating prodrugs, etc. Thus,
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oncolytic virotherapy provides a platform for the
creation of cancer therapeutics with diverse
mechanisms of action. While still in its relative
infancy, some such viruses have been tested in
preclinical models of pediatric bone tumors, and
initial clinical testing in pediatric patients has
begun (Hammill et al. 2010).

15.5.1 Reolysin

Reovirus is a nonpathogenic virus that causes a
subclinical infection or at most very mild respira-
tory and gastrointestinal symptoms. Derived
from the Dearing strain of reovirus, Reolysin is
among the most widely tested oncolytic viruses
to date, primarily in phase II studies in combina-
tion with chemotherapy (Galanis et al. 2012).
Preclinical studies suggested efficacy of pediatric
sarcomas, including Ewing sarcoma and osteo-
sarcoma, particularly in combination with che-
motherapy or radiation therapy (Hingorani et al.
2011). The initial phase I trial in pediatric patients
confirmed its safety as a single agent and with the
addition of immunosuppressive doses of cyclo-
phosphamide, though no patients experienced
tumor response including seven with either
osteosarcoma or Ewing sarcoma (Kolb et al.
2015), suggesting any efficacy from its use will
likely be realized only in combination with other
therapies.

15.5.2 Seneca Valley Virus

Similar to Reolysin, Seneca Valley virus (SV V-
001, also known as NTX-010) is a nonpathogenic
virus originally isolated as a contamination in tis-
sue culture. This virus was originally found to
preferentially be lytic for cells derived from neu-
roendocrine cancers (Reddy et al. 2007), and
testing through the PPTP confirmed activity in
some of these tumor models (Morton et al. 2010).
Although there was some effect in a few Ewing
sarcoma models, the observed preclinical effi-
cacy was insufficient to warrant inclusion of
these patients in the initial phase I clinical trial.
Nevertheless, it is possible there may be utility of

this virus in some cases of Ewing sarcoma.
Similar to the experience with Reolysin, the first
pediatric phase I study of Seneca Valley virus
confirmed its safety alone and in combination
with cyclophosphamide, but there were no nota-
ble tumor responses (Burke et al. 2015).

15.5.3 HSV1716

Although wild-type HSV-1 is known to be neu-
rotropic as it causes encephalitis and becomes
latent in peripheral nerves, the virus and its
attenuated derivatives are capable of infecting a
wide range of cell types including models of
pediatric bone tumors (Bharatan et al. 2002;
Friedman et al. 2009). In a xenograft model of
Ewing sarcoma, a combination of an oncolytic
HSV-1 mutant with anti-VEGFA antibody
(bevacizumab) was far more effective than
either agent alone (Currier et al. 2013). The
only clinical trial of an HSV-1 mutant in pediat-
ric patients to date including those with malig-
nant bone tumors has been with HSV1716,
engineered for safety by deletion of the RL1
gene encoding the neurovirulence protein
ICP34.5. The virus is being administered
directly into tumor nodules or intravenously
and has shown safety so far at the lower dose
levels including in patients with osteosarcoma
and Ewing sarcoma (Cripe 2015).

15.5.4 JX-594

Vaccinia virus is a nonpathogenic (in humans)
cowpox virus that has been safely administered
to millions of people as the small pox vaccine.
Several variations of vaccinia virus have been
tested in cancer patients, both by intratumoral
and intravenous routes, demonstrating safety in
adults with notable case reports of efficacy
(Guse et al. 2011). The version currently in its
most advanced clinical development is pexasti-
mogene devacirepvec (also called Pexa-Vec or
JX-594), a derivative of vaccinia created by
deletion of the thymidine kinase gene to restrict
virus replication to rapidly dividing cells and
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insertion of the gene encoding GM-CSF as an
immune stimulant. An initial phase I trial of
intratumoral Pexa-Vec in pediatric patients
showed safety at the doses tested (Cripe et al.
2015). The trial included a patient with Ewing
sarcoma who showed evidence of a transient
therapeutic effect. As with the other viruses,
vaccinia-derived vectors require further testing
alone and in combination with other therapeu-
tics to determine their utility for patients with
pediatric bone tumors.

15.5.5 Other Vectors

There are a variety of other types of oncolytic
viruses being developed and tested in academic
medical centers and biopharmaceutical compa-
nies, including vectors derived from adenovirus,
vesicular stomatitis virus, poliovirus, Maraba
virus, and measles virus among others. It is too
early to know the best routes of administration,
doses, and ideal disease targets for each, but it is
likely that some of these will exhibit activity in
pediatric bone tumors.

15.6 Summary

Traditional treatments for pediatric bony cancers
such as chemotherapy and radiation have only
slowly improved over the past decades, with little
to no significant progress in patient outcomes
despite intensification of therapy. Researchers
and practitioners alike have therefore sought to
discover novel therapeutic approaches aimed at
targeting tumors specifically and thereby limiting
toxicities. New advances that show promise for
pediatric bone tumors appear to be arising from a
variety of vantage points, including small-
molecule inhibitors, immunotherapies, and viro-
therapy. Each of these areas in turn is comprised
of numerous different candidates and approaches.
Although most have yet to be proven useful, there
is certainly an eager anticipation among investi-
gators that these targeted therapies will finally
provide an avenue for progress in the treatment of
pediatric bone malignancies.
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Abstract

Advances in the treatment of childhood cancers
and supportive care have resulted in marked
improvements in survival rates. As of 2009, there
were an estimated 363,000 survivors of child-
hood cancer in the United States; of these
approximately 24 % have survived more than 30
years since their diagnosis, contributing to the
growing number of long-term survivors of child-
hood and adult cancer in the United States
(Mariotto et al. 2009). However, the use of che-
motherapy, radiation, and/or surgery at an early
age can contribute to complications that may not
become apparent until years after the completion
of therapy (Armenian and Robison 2013). A
recent article from the Childhood Cancer
Survivor Study (CCSS) cohort reported that two
out of three survivors will develop a chronic
health condition, and more than one-third will
develop a condition that is severe or life-threaten-
ing (Oeffinger et al. 2006). To address the needs
of this growing population, in 2005, the Institute
of Medicine (IOM) published From Cancer
Patient to Cancer Survivor: Lost in Transition, a
report outlining the gaps in survivorship care.
The report introduced the concept of survivor-
ship care plans to summarize information critical
to the individual’s long-term care, such as the
cancer diagnosis, treatment, and potential conse-
quences; the timing and content of follow-up vis-
its; tips on maintaining a healthy lifestyle and
preventing recurrent or new cancers; legal rights
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affecting employment and insurance; and the
availability of psychological and support ser-
vices (Hewitt et al. 2006). This report provided
the basis for professional organizations including
the Children’s Oncology Group, National
Comprehensive Cancer Network and the
American Society of Clinical Oncology to pub-
lish evidenced-based guidelines for survivorship
care for cancer survivors. It is crucial for health-
care professionals who care for cancer survivors
at all stages of their survivorship to be familiar
with actual and potential late effects survivors
may experience throughout their lifetime.

16.1 Introduction

Advances in the treatment of childhood cancers
and supportive care have resulted in marked
improvements in survival rates. However, the use
of chemotherapy, radiation, and/or surgery at an
early age can contribute to complications that may
not become apparent until years after the comple-
tion of therapy (Armenian and Robison 2013). A
recent article from the Childhood Cancer Survivor
Study (CCSS) cohort reported that two out of three
survivors will develop a chronic health condition,
and more than one-third will develop a condition
that is severe or lifethreatening (Oeffinger et al.
2006). Several groups have published reports out-
lining gaps in survivorship care. In addition, these
reports have introduced guidelines for survivorship
care. These guidelines include testing to assess pos-
sible long-term affects of chemotherapy, radiation
and/or surgery, including heart and renal function,
as well as evaluation of hearing, sexual function,
and work-up for secondary malignancies.

16.2 Survivorship Guideline
Overview

The 2005 IOM report established five essential
components of survivorship care that have been
adapted and implemented by leading oncology pro-
fessional organizations into their own individual

survivorship guidelines. These include the

following:

1. Prevention of new and recurrent cancers and
other late effects

2. Surveillance of cancer spread, recurrence, or
second cancers

3. Assessment of late psychosocial and physical
effects

4. Intervention for consequences of cancer and
treatment (e.g., medical problems, symptoms,
psychological distress, financial and social
concerns)

5. Coordination of care between primary care pro-
viders and specialists to ensure that all of the
survivor’s health needs are met (NCCN 2014)

In 2011, the LIVESTRONG foundation con-
vened a meeting of experts and stakeholders in the
survivorship field to define essential components of
survivorship care. After 2 days of consensus build-
ing, the group agreed on the following elements
that all medical settings must provide for cancer
survivors, either directly or through referral:

1. Survivorship care plan, psychosocial care
plan, and treatment summary

2. Screening for new cancers and surveillance
for recurrence

3. Care coordination strategy that addresses care
coordination with PCPs and primary
oncologists

4. Health promotion education

5. Symptom management and palliative care
(https://assets-livestrong-org.s3.amazonaws.
com/media/site_proxy/data/7e26de7ddcd2b7
ace899e75f842e50c0075¢4330.pdf)

In 2012, the Commission on Cancer (CoC) and
the American College of Surgeons (ACS) updated
their accreditation standards for hospital cancer
programs  (http://www.facs.org/cancer/coc/pro-
gramstandards2012.html). Their patient-centered
focus now includes the development and dissemi-
nation of a survivorship plan for all patients. This
requirement is to be phased in by 2015.
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16.2.1 Children’s Oncology Group
Long-Term Follow-Up
Guidelines

The Children’s Oncology Group (COG) is a
238-member  National Cancer Institute-
supported cooperative clinical trials group
whose goals include minimizing the risk of
long-term effects that may impact duration and/
or quality of life in pediatric cancer survivors
(Landier et al. 2006). The first version of the
risk-based, exposure-related guidelines (Long-
Term Follow-up Guidelines for Survivors of
Childhood, Adolescent, and Young Adult
Cancer) for use in directing follow-up care for
survivors of pediatric malignancies was pub-
lished in March of 2003. The COG guidelines
represent a hybrid of evidence-based and
consensus-driven approaches to guideline devel-
opment and consist of clinically relevant screen-
ing recommendations that take into account the
specialized health-care needs of pediatric cancer
survivors (Landier et al. 2006). The guidelines
are designed to standardize and direct follow-up
care that facilitates early identification of and
intervention for treatment-related complications
(Landier et al. 2006). They also provide a plat-
form for research into the efficacy and cost-
effectiveness of health screening of this
population. Recommendations for follow-up of
individuals can be customized from the treat-
ment exposure history including chemotherapy
agents, radiation therapy and surgical history.
The guideline supplies a patient treatment sum-
mary and an extensive list of “health links”
offering detailed information on guideline-spe-
cific topics for survivors. The guidelines are
updated at least every 5 years by a multidisci-
plinary task force who monitor the literature and
report to the COG Long-Term Follow-up
Guidelines Core Committee (Landier et al.
2004). Clinicians are advised to check the
Children’s Oncology Group website periodi-
cally for the latest updates and revisions to the
guidelines which are posted at www.survivor-
shipguidelines.org (Table 16.1).

16.2.2 National Comprehensive
Cancer Network Survivorship
Guidelines

On January 31, 1995, this national alliance was
created to develop and institute standards of
care for the treatment of cancer and perform
outcomes research. With 13 original NCCN
Member Institutions, the goal was to ensure
delivery of high-quality, cost-effective services
to people with cancer across the country.
NCCN became a developer and promoter of
national programs to facilitate the fulfillment
of NCCN Member Institution missions in edu-
cation, research, and patient care. Now an alli-
ance of 25 of the world’s leading cancer
centers, NCCN develops and communicates
scientific, evaluative information to better
inform the decision-making process between
patients and physicians, ultimately improving
patient outcomes. The NCCN Survivorship
guidelines were originally released in 2013 and
included eight distinct areas: anxiety and
depression, cognitive function, exercise,
fatigue, immunizations and infections, pain,
sexual function, and sleep disorders. A new
updated version was published in 2014. These
guidelines, however, are not specifically
intended to provide guidance for the care of
survivors of childhood cancers and refer pro-
viders to the Children’s Oncology group survi-
vorship guidelines, as well as the NCCN
guidelines for Adolescent and Young Adults
available at www.NCCN.org.

16.2.3 American Society of Clinical
Oncology

The American Society of Clinical Oncology pub-
lished their guide to survivorship care in 2014
entitled Providing High Quality Survivorship
Care in Practice: An ASCO guide. It further
detailed high-quality survivorship care to include
the following:
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DEMOGRAPHICS
Name: Sex: | Date of Birth:

CANCER DIAGNOSIS

Diagnosis: Ewing sarcoma | Date of Diagnosis:

| Date Therapy Completed:

CHEMOTHERAPY: [xl Yes [ Noiryes, complete chart below

Drug Name Additional Information®
Vincristine
Doxorubicin 375mg/m2
Cytoxan 10.8g/m2
Etoposide 3500mg/m2
Ifosfamide 72g/m2

TAnthracyclines: Include cumulative dose in mg/m? and age at first dose (see section 33 or 34 of Guidelines for isotoxic dose

conversion);

Carboplatin: Indicate if dose was myeloablative and if patient was diagnosed at less than 1 year of age;
Methotrexate and Cytarabine: Indicate route of administration (i.e., IV, IM, SQ, PO, IT, 10);
IV Methotrexate and Cytarabine: Indicate if “high dose” (any single dose >1000 mg/m?) or “standard dose” (all single doses <1000

mg/m?)

Note: Cumulative doses, if known, should be recorded for all agents, particularly for alkylators and bleomycin.

RADIATION

[dyes [x] No iyes, complete chart below

Site/Field*

Total Dose** (Gy)***

* For chest, thoracic spine, and upper abdominal radiation, include age at first dose ** Total dose to each field should include boost

dose, if given

*** Note: To convert cGy or rads to Gy, divide dose by 100 (example: 2400 cGy = 2400 rads = 24 Gy)

HEMATOPOIETIC CELL TRANSPLANT

Cdves

E No If yes, answer question below

Was this patient ever diagnosed with chronic graft-versus-host disease (cGVHD)?

DYes |:| No

SURGERY

E Yes D No Ifyes, complete chart below

Procedure

Site (if applicable)

Laterality (if applicable)

Limb salvage 6/17/05

Proximal tibia

Right

OTHER THERAPEUTIC MODALITIES

DYes E No If yes, answer questions below

Did this patient receive radioiodine therapy (I-131 thyroid ablation)? |:|Yes m No

Did this patient receive systemic MIBG (in therapeutic doses)?

|:|Yes El No

Did this patient receive bioimmunotherapy?

D Yes m No

Summary prepared by:

‘ Date prepared:

Table 16.1 Example of a summary of cancer treatment (abbreviated)

. Surveillance for recurrence

2. Monitoring for and managing psychosocial
and medical late effects

Providing screening recommendations for
second cancers

4. Providing health education to survivors
regarding their diagnoses, treatment expo-

sures, and potential late and long-term
effects

. Providing referrals to specialists and resources

as indicated

. Familial genetic risk assessment (as appropriate)
. Guidance about diet, exercise, and health pro-

motion activities
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8. Providing resources to assist with financial
and insurance issues

9. Empowering survivors to advocate for their
own health-care needs (Oeffinger et al. 2014).

This guide discusses how to build a survivorship
care program for clinicians including models of
care, implementation of a survivorship program,
providing care, and measuring the quality of
survivorship care. It also includes resources for tran-
sitioning care of survivors and working with primary
care providers to continue high-quality health care
addressing the unique needs of cancer survivors.

16.3 Treatment-Related Late
Effects

16.3.1 Cardiac Toxicity

Cardiac toxicity during or following treatment for
pediatric bone tumors is largely due to the inclu-
sion of the anthracycline, doxorubicin, given at
relatively high doses. Most treatment regimens
for bone sarcomas require a minimum cumulative
doxorubicin dose of 375 mg/m?, with some as
high as 600 mg/m? The pathophysiology of
doxorubicin-induced  cardiac  damage is
incompletely understood, but one important
mechanism is thought to be cardiomyocyte death
due to the production of free radicals and oxida-
tive stress (Janeway and Grier 2010). Clinically
apparent doxorubicin-associated cardiotoxicity
presenting as congestive heart failure has been
classified as acute, chronic, and late based on the
timing of onset related to the doxorubicin admin-
istration (Janeway and Grier 2010). Acute cardio-
toxicity, occurring after a single dose or course of
doxorubicin is rare, particularly with modern che-
motherapy regimens. Chronic doxorubicin-asso-
ciated cardiotoxicity occurs within weeks to
months of completing therapy. There are rare
reports of late cardiotoxicity in which clinically
apparent doxorubicin-induced heart failure occurs
more than 1 year after the completion of therapy,
particularly in association with periods of
increased cardiac growth and demand such as
puberty and pregnancy (Janeway and Grier 2010).

Data from the Childhood Cancer Survivor Study
(CCSS) demonstrate that survivors of osteosar-
coma have been reported to have a cumulative inci-
dence of 10 % at 20 years for acute congestive heart
failure for those patients who received >300 mg/m?
(Nagarajan et al. 2011). The Rizzoli Institute has
reported the study with the longest follow-up and
most complete reporting of adverse events in
patients with osteosarcoma. This study reported a
4 % incidence of severe doxorubicin-induced car-
diotoxicity (Oeffinger et al. 2006). Cardiotoxicity
was noted 1-12 weeks after the completion of ther-
apy, with the exception of one patient who devel-
oped cardiac toxicity during the last trimester of
pregnancy 8 years after completing treatment
(Oeffinger et al. 2006). The Italian Sarcoma Group
also reported their experience in patients treated for
osteosarcoma from 1983 to 2006 with a reported
incidence of cardiomyopathy of 2 % (Longhi et al.
2012). The median interval from the cessation of
chemotherapy to the onset of cardiomyopathy was
2 months with a median total dose of doxorubicin
of 480 mg/m? (Longhi et al. 2012).

Survivors of Ewing sarcoma reported in the
CCSS were more likely than siblings to have
arrhythmias (7.4 % vs. 2.9 %) and other serious
cardiac conditions (4.5 % vs. 0.5 %) (Ginsberg
et al. 2010). After adjusting for age, sex, and race/
ethnicity, the relative risk of a survivor having an
arrhythmia or serious cardiac event 5 or more
years after diagnosis is 2.3 (95 % CI=1.4-3.9) and
7.5 (95 % CI=3.1-18.7), respectively (Ginsberg
et al. 2010). The Scandinavian Sarcoma Study
Group also demonstrated an increased incidence in
heart disease and hypertension in Ewing sarcoma
survivors compared to age- and gender-matched
individuals from the general population, reporting
an odds ratio for heart disease of 7.9 (95 %
CI=2.5-25.3; p=0.001) (Aksnes et al. 2009).
They described two patients treated before the age
of 4 who developed cardiotoxicity, and concluded
that age of exposure along with cumulative dose
were independent risk factors (Aksnes et al. 2009).
In the Italian Sarcoma Group report, the cardiotox-
icity incidence was 1.3 %, with a median interval
from the cessation of chemotherapy to the onset of
cardiomyopathy of 3 months (Longhi et al. 2012).
The median doxorubicin dose was 400 mg/m?>.
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Cumulative dose is the most important factor
affecting the risk of doxorubicin-associated car-
diotoxicity, with a significant increase in the inci-
dence of heart failure occurring after the
administration of 550 mg/m? (Janeway and Grier
2010). Additional risk factors for doxorubicin-
induced cardiotoxicity include older (greater than
40) and very young (less than 4 years) age, and
female sex (Chrischilles et al. 2014). The number
of patients who have doxorubicin-associated
heart failure is much lower than the number of
patients who develop echocardiographic abnor-
malities after treatment with doxorubicin.

Dexrazoxane is a topoisomerase 2 inhibitor that
scavenges free radicals and chelates heavy metals.
It is thought to protect the heart from doxorubicin-
induced cardiotoxicity by forming complexes with
iron, preventing both tissue damage and the for-
mation of free radicals (Janeway and Grier 2010).
Two randomized controlled studies in children
show that dexrazoxane decreases the risk of short-
term, subclinical cardiac toxicity without increas-
ing infectious complications (Wexler et al. 1996;
Moghrabi et al. 2007). Additional studies are
required to determine whether dexrazoxane
decreases the risk of late cardiotoxicity. A recent
study reported an increased incidence of second-
ary malignancies in patients with Hodgkin’s dis-
ease who were randomized to receive dexrazoxane,
but concerns have been raised about the methodol-
ogy of the study (Hellmann 2007; Lipshultz et al.
2007, Tebbi et al. 2007). A trial in which children
with leukemia were randomized to receive dexra-
zoxane did not show an increase in secondary leu-
kemias in patients who received dexrazoxane
(Barry et al. 2008). Dexrazoxane has not been sys-
tematically assessed in any bone sarcoma studies,
S0 it is not possible at this time to make an evi-
dence-based guideline for or against its use.

The Children’s Oncology Group long-term
follow-up guidelines recommend detailed history
of shortness of breath, orthopnea, chest pain, pal-
pitations, or if under 25 years abdominal symp-
toms including nausea or vomiting. Physical exam
should include assessment of cardiac murmur, S3,
S4, increased P2 sound, pericardial rub, rales,
wheezes, jugular venous distension, and peripheral
edema. Echocardiogram at entry into long-term
follow-up is recommended, and then periodically

based on age at treatment, radiation dose, and
cumulative anthracycline dose. EKG is recom-
mended at entry into long-term follow-up, repeat
as clinically indicated (COG 2013) (Table 16.2).

16.3.2 Renal Toxicity

The treatment-related nephrotoxicity for bone
tumor patients is primarily due to the chemother-
apeutic agents, namely, cisplatin, methotrexate,
and ifosfamide. Cisplatin and methotrexate have
been a standard of care in the treatment of osteo-
sarcoma since the 1970s, and remaining two of
the three drug combination routinely utilized for
localized osteosarcoma. Ifosfamide was intro-
duced in first-line therapy of childhood soft tissue
sarcomas and bone sarcomas since the 1980s and
continues to be used for bone sarcomas today.
The nephrotoxicity of cisplatin is considered
dose-related and includes a variable reduction of
glomerular filtration rate (GFR) along with tubular
dysfunction. Cisplatin directly damages the tubu-
lar epithelial cells, resulting in a pathology resem-
bling acute tubular necrosis that leads to increased
magnesium loss in the urine expressed as increased
renal magnesium (Mg) excretion and hypomagne-
saemia (Janeway and Grier 2010). Cisplatin-
induced hypokalemia and hypocalcemia are the
result of both altered renal processing in the pres-
ence of hypomagnesaemia and increased kidney
losses. In 12-20 % of patients, cisplatin-associated
hypomagnesaemia persists after the completion of
chemotherapy (Stohr et al. 2007). About 60 % of
children receiving median cisplatin doses of 500—
600 mg/m? have decreased glomerular function at
the completion of therapy (Skinner et al. 1998).
However, these deficits in glomerular filtration
seem to be mild, and improvement is common. In
two long-term follow-up studies of osteosarcoma
survivors receiving ifosfamide in addition to stan-
dard therapy with methotrexate/adriamycin/cispl-
atin therapy, the incidence of glomerular
impairment was low and the extent of dysfunction
was minimal (Koch Nogueira et al. 1998; Arndt
et al. 1999). The risk of cisplatin-associated neph-
rotoxicity is associated with higher dose rates and
greater dose intensity. Consequently, prolonged
infusions and fractionated doses administered
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Table 16.2a Recommended frequency of echocardiogram (or comparable cardiac imaging) following anthracyclines

Radiation with potential

Age at treatment impact to the heart
<1 year old Yes
No
1-4 years old Yes
No
>5 years old Yes
No

Any age with decrease in serial function

Anthracycline dose Recommended frequency
Any Every year
<200 mg/m? Every 2 years
>200 mg/m?> Every year
Any Every year
<100 mg/m? Every 5 years
>100 mg/m? to Every 2 years
<300 mg/m?
>300 mg/m? Every year
<300 mg/m? Every 2 years
>300 mg/m? Every year
<200 mg/m? Every 5 years
>200 mg/m? to Every 2 years
<300 mg/m?
>300 mg/m* Every year
Every year

Table 16.2b Recommended frequency of echocardiogram (or comparable cardiac imaging) following radiation

Age at treatment Radiation dose

<S5 years old Any

>5 years old <30 Gy
>30 Gy
Any

Any age with decrease in serial function

over several days have been recommended
(Launay-Vacher et al. 2008).

Methotrexate and its metabolites can precipi-
tate in the renal tubules causing acute renal insuf-
ficiency and failure (Janeway and Grier 2010).
Early studies of high-dose methotrexate done in
the 1970 demonstrated that nephrotoxicity was
common, and the mortality rate following high-
dose methotrexate was as high as 6 % (Von Hoff
et al. 1977). The use of aggressive hydration and
alkalization of urine as well as the use of leucov-
orin rescue along with routine monitoring of
methotrexate levels has decreased the incidence
of  nephrotoxicity = following  high-dose
methotrexate to 1-8 % (Janeway and Grier 2010).
Unfortunately, severe and fatal cases of high-
dose methotrexate-associated nephrotoxcity still
occur in patients with osteosarcoma (Widemann
et al. 2004). Methotrexate-induced nephrotoxic-
ity is typically an acute treatment side effect and

Anthracycline dose Recommended frequency
None Every 2 years
Any Every year
None Every 5 years
None Every 2 years
<300 mg/m? Every 2 years
>300 mg/m? Every year
Every year

rarely causes long-term renal damage as a single
agent. However, it may contribute to the cumula-
tive effects of other nephrotoxic agents.

Many studies have demonstrated that tubular
toxicity develops as a result of treatment with ifos-
famide. Both glomerular and tubular function may
be affected by ifosfamide, and a variety of tubular
disorders, such as Fanconi syndrome and hypo-
phosphatemic rickets, have been described. The
combination of cisplatin and ifosfamide is particu-
larly hazardous, since evidence suggests that ifos-
famide nephrotoxicity is possibly potentiated by
cisplatin. Ifosfamide-related proximal tubular dam-
age is typically observed with a reduction in glo-
merular filtration rate, hypophosphatemia, and
glycosuria (Oberlin et al. 2009). In one study by the
Children’s Oncology Group, in which the cumula-
tive dose of ifosfamide was 71 g/m?, Fanconi syn-
drome was described in approximately 7 % of
patients (Goorin et al. 2002). Fanconi syndrome is a
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global proximal tubule defect in which resorption
of glucose, amino acids, phosphate, and bicarbon-
ate in the proximal tubule is impaired. Excessive
urinary losses result in metabolic acidosis, hypo-
phosphatemia, and hypokalemia. Although less
prevalent, glomerular dysfunction can also develop,
usually in patients who have evidence of tubular
toxicity (Janeway and Grier 2010). When measured
6 months after the completion of therapy, 9 % of
patients who received a median ifosfamide dose of
62 g/m?> had a glomerular filtration rate below
60 ml/min/1.73 m?. Although glomerular dysfunc-
tion is usually mild, acute renal failure can also
occur, particularly at high cumulative doses. In
most patients, ifosfamide-associated nephrotoxicity
remains stable over time. A small proportion of
patients will have significant improvements or
worsening of both tubular and glomerular function
(Heney et al. 1991). The risk of ifosfamide-associ-
ated nephrotoxicity is associated with higher cumu-
lative doses, younger age at the time of
administration, preexisting renal dysfunction, expo-
sure to other nephrotoxic drugs, and treatment with
cisplatin (Loebstein et al. 1999). Other than aggres-
sive hydration, there are no specific therapies or
modifications that are known to protect against the
development of ifosfamide-related nephrotoxicity.
The COG long-term follow-up guidelines rec-
ommend annual blood pressure monitoring, annual
urinalysis, and serum chemistries including BUN,
creatinine at baseline and as clinically indicated
for patients who received cisplatin and/or ifos-
famide to monitor for renal toxicity (COG 2013).

16.3.3 Ototoxicity

Hearing loss as a late effect of therapy can occur
after exposure to cancer-therapeutic agents such
as platinum compounds and cranial radiation.
Platinum agents cisplatin and carboplatin have
improved cure rates in many childhood cancers
including bone sarcomas, but their use may result
in irreversible high-frequency sensorineural hear-
ing loss. The deficit is progressive with increas-
ing cumulative dosing (Grewal et al. 2010). In
general, approximately 50 % of children treated
with cisplatin-based regimens reportedly develop
some degree of permanent hearing loss (Knight

et al. 2005). With cumulative doses in excess of
400 mg/m?, typical for osteosarcoma treatment,
up to 90 % of young children may suffer
moderate-to-severe deficits, with severe hearing
loss seen in up to 25 % (Knight et al. 2005).

The mechanism of platinum cochlear toxicity is
through interference with signal transduction from
the Organ of Corti in the cochlea (Grewal et al.
2010). Three sites of damage occur: the outer hair
cells (effector cells), the spiral ganglion (main
nerve supply to the cochlea), and the stria vascu-
laris (primary blood supply) (Rybak et al. 2007).
Chemotherapy-related damage begins in the first
row of outer hair cells at the base of the cochlea,
where high-frequency sounds are processed.
Therefore, the use of platinum compounds can
result in bilateral sensorineural hearing loss, which
initially involves the higher frequencies (4,000—
8,000 Hz) (Schell et al. 1989). With increasing
doses of chemotherapy, or when compounded by
other ototoxic factors such as radiation or amino-
glycoside use, loss of hair cells can progress api-
cally in the cochlea to involve the speech
frequencies. High-frequency hearing sensitivity is
critical for the understanding of speech. The speech
frequencies are considered to be 500-2,000 Hz.

Major risk factors for hearing loss are younger
age, higher cumulative dose of chemotherapy, cen-
tral nervous system tumors, and concomitant CNS
radiation. Individual susceptibility to cisplatin is
variable. Dolan et al. demonstrated that 38-47 %
of human variation in susceptibility to cisplatin-
induced ototoxicity is due to genetic variables
(Dolan et al. 2004). Children are more susceptible
to ototoxicity from platinum agents than adults.
For cisplatin, the risk of significant hearing loss
involving the speech frequencies (500-2,000 Hz)
usually occurs with cumulative doses that exceed
400 mg/m? in pediatric patients, whereas adults
may tolerate doses up to 600 mg/m? before signifi-
cant hearing loss involving the speech frequencies
occurs (Schell et al. 1989). For carboplatin, oto-
toxicity has been reported to occur at similar
cumulative doses in excess of 400 mg/m?2. Other
factors that may contribute to hearing loss include
medications such as aminoglycoside antibiotics
and loop diuretics, impaired renal function, and
coexisting ear pathology such as chronic otitis or
middle ear effusions (Grewal et al. 2010).
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Clinically detectable hearing loss may require
more than one cycle of a platinum agent to occur.
Knight et al. reported a series of children who were
receiving platinum compounds for a variety of
oncologic diagnoses found a median time to obser-
vation of ototoxicity to be 135 days (Knight et al.
2005). No patient in that series showed improve-
ment in hearing, suggesting that hearing loss is per-
manent. Progressive hearing loss as long as
136 months from the end of therapy with platinum
compounds has been reported in a cohort of survi-
vors of pediatric solid tumors (Bertolini et al. 2004).

Several otoprotectants are in clinical and pre-
clinical trials, although their efficacy is unclear at
present. Because cisplatin ototoxicity alters the
antioxidant system of the outer hair cells, several
agents that reduce oxidative stress in the cochlea
have been tested (Rybak and Ramkumar 2007).
Sodium thiosulfate is currently being tested by
the Children’s Oncology Group in an intervention
trial of pediatric patients treated with cisplatin
(Hyppolito et al. 2006). Preclinical data indicated
that this antioxidant confers otoprotection with-
out affecting cytotoxicity (Neuwelt et al. 2006).
After encouraging results in adult patients with
ovarian cancer, amifostine as an otoprotectant
was studied in children with high-risk germ cell
tumors and osteosarcoma who received platinum-
based regimens. Amifostine unfortunately did not
lessen the risk of unacceptable hearing loss in
either group and was limited by emesis in the
patients with osteosarcoma (Gallegos-Castorena
et al. 2007). In a retrospective review of patients
with osteosarcoma, the incidence of ototoxicity
was lower in patients who received cisplatin in
two divided doses of 60 mg/m*/dose given 24 h
apart than those who received a single dose of
120 mg/m? (Lewis et al. 2009). The current stan-
dard treatment for osteosarcoma uses divided
dosing of 60 mg/m?/dose daily over 2 days.

The Children’s Oncology Group long-term fol-
low-up guidelines recommend a complete audio-
logical evaluation consisting of air conduction, bone
conduction, speech audiometry, and tympanometry
for all survivors at risk for hearing loss on entry into
long-term follow-up and more frequently if any
change is noted (COG 2013). The general princi-
ples of management of hearing loss include aware-
ness on the part of parents and providers, appropriate

referrals to audiologists and otolaryngologists, and
implementation of amplification and other adaptive
strategies where indicated (Grewal et al. 2010).

16.3.4 Sexual Function and Infertility

When considering late effects in cancer survivors,
sexual functioning in adolescent and young adult
survivors of childhood cancer has been particularly
neglected in the literature, despite increasing
reports of the importance of sexual functioning on
quality of life. The psychosocial difficulties that
cancer survivors experience including significant
changes in peer relationships, disturbed body
image, worry about the future, difficulties with inti-
mate relationships, diminished quality of life, can
influence psychosexual functioning (Ford et al.
2014). Additionally, treatment-related factors that
may influence sexual functioning include disrup-
tions in normal pubertal development, premature
ovarian failure, and the burden of medical comor-
bidities (Ford et al. 2014). Zebrack et al. surveyed
nearly 600 survivors aged 18-39 regarding their
sexual functioning, health-related quality of life,
psychological distress, and life satisfaction
(Zebrack et al. 2010). Fifty-two percent of female
survivors and 32 % of male survivors reported at
least “a little problem” in one or more areas of sex-
ual functioning (Zebrack et al. 2010). These find-
ings are consistent with other studies of sexual
functioning in childhood cancer survivors which
report that females survivors are twice as likely
than their male counterparts to report marked sex-
ual impairment (Bober et al. 2013). It has been pos-
tulated that young women may perceive changes
such as the impact of treatment on body image and
psychosexual development as being more trau-
matic than male peers, and this is one reason why
female survivors may be more vulnerable to can-
cer-related sexual dysfunction (Oeffinger et al.
2006). Moreover, long-term effects of treatment on
menopausal status and vaginal health (e.g., vaginal
dryness or vaginal atrophy) may additionally be
related to the loss of sexual function in this group
of young women (Oeffinger et al. 2006).
Although examination of sexual functioning in
a mixed group of cancer survivors allows for
greater power for analysis, it fails to consider the



302

S.L. Whiteside and A.N. Audino

unique difficulties tumor site specific groups may
face. This most certainly is true for survivors of
bone tumors, who face a unique gamut of issues
related to body image and sexual functioning. Few
studies have examined the unique issues of patients
who have undergone treatment for bone tumors.
Most studies have examined this population related
to their local control measures including limb sal-
vage, amputation, and Van Nes rotationplasty. In
one recent study, almost half of the young adult
survivors of bone cancer in childhood who had
undergone a Van Nes rotationplasty expressed
some limitation in initiating intimate relationships
as a result of the rotationplasty (Veenstra et al.
2000). In another study, adolescent and young
adult bone cancer survivors who had undergone
amputation reported a significantly more active
sex life (88 %) than those who had limb-sparing
surgeries (75 %) which has been re-demonstrated
in other studies of limb salvage survivors (Refaat
et al. 2002). Additionally, fear of infertility, disclo-
sure of cancer history, and concern for health of
future offspring also may impact sexual function-
ing and intimate relationships. Refer to Chap. 5 for
a more detailed discussion of fertility issues.

The Children’s Oncology Group long-term
follow-up guidelines recommend a detailed repro-
ductive history for patients receiving alkylating
agents with annual visits including pubertal onset,
sexual functioning, and medication use, as medi-
cations can have a substantial impact on sexual
functioning (COG 2013). Sexual history includes
vaginal dryness and libido for females; and erec-
tions, nocturnal emissions, and libido for males. It
also recommends annual tanner staging until sex-
ual maturity for all patients, with semen analysis at
the request of a sexually mature patient, or serum
FSH if unable to obtain semen analysis for males
(COG 2013). For females, obtain a baseline of
serum FSH, LH, estradiol at age 13 and as clini-
cally indicated in patients with delayed or arrested
puberty, irregular menses, primary or secondary
amenorrhea, and/or clinical signs of estrogen defi-
ciency (COG 2013). A sexual health assessment
should be a part of comprehensive survivorship
clinics including attention to functioning and the
psychological component of health and well-
being, including self-image, subjective attitude

toward one’s own sexuality and relationships with
intimate partners (Zebrack et al. 2010). Clinicians
must be skillful in their approach and informed of
the developmental and psychosocial needs unique
to young adults with cancer and geared toward
making young people feel comfortable discussing
personal issues and providing appropriate referrals
to reproductive providers and counselors.

16.3.5 Second Malignant Neoplasms
(SMNs)

The improved survival of children and young
adults with cancer has resulted in one of the most
ominous and significant long-term problems asso-
ciated with therapy, the development of second
malignant neoplasms. Childhood cancer survivors
are at significant risk for development of malig-
nant neoplasms. This risk is approximately tenfold
greater than the general population, and an impor-
tant health-related concern for the aging child-
hood cancer survivor population (Armenian and
Robison 2013). SMNs are the leading cause of
treatment-related mortality in long-term cancer
survivors (Armenian and Robison 2013).
Commonly reported solid SMNs include breast,
thyroid, soft tissue and bone sarcomas, skin and
brain cancer, and there is a strong and well-defined
association with radiation exposure that is charac-
terized by a latency that exceeds 10 years
(Armenian and Robison 2013). Other SMINs such
as therapy-associated leukemia (t-MDS/AML) are
notable for their shorter latency, typically less than
10 years from primary cancer diagnosis, and asso-
ciation with alkylating agents and topoisomerase
ITinhibitor chemotherapy (Bhatia and Sklar 2002).
Survivors who develop a first SMN are at an espe-
cially high risk of multiple occurrences of subse-
quent neoplasms, such that within 20 years from
their original diagnosis the estimated cumulative
incidence of another neoplasm is 47 % (Armenian
and Robison 2013). Data collection regarding
genetic predisposition syndromes and molecular
epidemiologic studies are ongoing to address the
role of genetics in the development of SMNSs.

The Childhood Cancer Survivor Study (CCSS)
has collected data on perhaps the largest cohort of
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relatively long-term survivors and began to analyze
the relations between anticancer treatment and
SMN development (Meadows et al. 2009). Overall
female survivors were at greater risk than male sur-
vivors for the occurrence of any SMN (RR=1.64)
(Meadows et al. 2009). Age at the time of original
diagnosis was also an important risk factor; chil-
dren younger at diagnosis are at an increased over-
all risk of SMNs and specific risk of thyroid and
CNS SMNs (Meadows et al. 2009). Exposure to
increased doses of alkylating agents, anthracy-
clines, and epidodophyllotoxins, all components of
bone tumor treatment, was also associated with an
increased risk of any SMN (Meadows et al. 2009).
The cumulative incidence of SMNs in Ewing sar-
coma survivors in the study at 25 years from their
original diagnosis was 9 %, with a median time
from first diagnosis to first SMN of 14.5 years
(range 4-32 years) (Ginsberg et al. 2010). SMNS
included breast cancer, osteosarcoma, papillary thy-
roid cancer, acute myelogenous leukemia, and five
sarcomas (Ginsberg et al. 2010). In contrast, the
cumulative incidence for osteosarcoma survivors at
25 years was 5.4 % with breast cancer as the leading
SMN, followed by skin cancer, gastrointestinal can-
cer, thyroid, and soft-tissue or bone sarcomas
(Nagarajan et al. 2011).

The Children’s Oncology Group long-term fol-
low-up guidelines recommend annual detailed his-
tory of fatigue, bleeding, or easy bruising as well
as dermatologic exam assessing for pallor, pete-
chiae, or purpura. Complete blood count and bone
marrow exam should be performed as clinically
indicated. Clinicians should counsel patients to
report any fatigue, pallor, petechiae, or bone pain.
Survivors should be aware of their risk of second-
ary cancers and maintain a healthy lifestyle includ-
ing avoiding smoking or excessive alcohol intake,
eating healthy well-balanced diet, maintaining
regular exercise, and regular use of sunscreen.

It is well recognized that radiation exposure is a
considerable risk for solid secondary malignant neo-
plasms. Excluding 11 nonmelanoma skin cancers,
there were 36 SMNs reported among 34 participants
in the CCSS analysis of Ewing sarcoma patients
(Ginsberg et al. 2010). Of these patients, 86.7 % had
received radiation therapy (Ginsberg et al. 2010). Of
the 403 Ewing sarcoma survivor participants, the

survivors who received radiation had a SMN inci-
dence ratio was 6.6 % (95 % CI=4.5-9.6), and for
those survivors who did not receive radiation the
standardized incidence ratio was 3.3 (CI=1.1-10.2,
P=.28) (Ginsberg et al. 2010). As expected, thyroid
cancer and secondary sarcomas were found most
frequently in or near the radiation field. The stan-
dardized incidence ratio for breast cancer among
women treated with whole-lung radiation was 36.0
(95 % CI=15.5-83.5) with an excess absolute risk
of 5.6 (Ginsberg et al. 2010). Among women not
treated with chest radiation, the standard incidence
ratio was 17.0 (95 % CI-7.8-37.2) with an excess
absolute risk of 3.2 (Ginsberg et al. 2010).

The Children’s Oncology Group long-term
follow-up guidelines recommend annual breast
exam beginning at puberty until the age of 25,
then every 6 months for all females who have had
radiation fields involving the breast. For radiation
doses greater than or equal to 20 Gy yearly mam-
mography is recommended beginning 8 years
after radiation or at age 25, whichever comes
first. Breast MRI is recommended yearly as an
adjunct to mammography beginning 8 years after
radiation or at age 25, whichever occurs last. In
radiation fields that include bone, detailed history
should include bone pain and physical exam with
palpation of any bones in irradiated field. X-ray
or other diagnostic imaging should be considered
in patients with clinical symptoms (COG 2013).

16.4 Surgical Late Effects

Amputation and limb-sparing surgery prevent local
recurrence of bone tumors by removal of all gross
and microscopic disease. If optimally executed,
both procedures accomplish an en bloc excision of
tumor with a margin of normal uninvolved tissue.
The type of surgical procedure, the primary tumor
site, and the age of the patient affect the risk of
postsurgical complications (Oeffinger et al. 2009).
Complications in survivors treated with amputa-
tion include prosthetic fit problems, chronic pain in
the residual limb, phantom limb pain, and bone
overgrowth (Nagarajan et al. 2002; Aulivola et al.
2004). While limb-sparing surgeries may offer a
more aesthetically pleasing outcome, complica-
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Table 16.3 Bone and joint late effects

Predisposing therapy
Radiation impacting
musculoskeletal system

Radiation impacting
musculoskeletal system
Methotrexate; corticosteroids
(dexamethasone, prednisone);
radiation impacting skeletal
structures; HSCT
Amputation

Limb-sparing surgery

Musculoskeletal effects

Hypoplasia; fibrosis; reduced/uneven
growth (scoliosis, kyphosis); limb length
discrepancy

Radiation-induced fracture

Reduced bone mineral density

Amputation-related complications
(impaired cosmesis, functional/activity

limitations, residual limb integrity, chronic

pain, increased energy expenditure)
Limb-sparing surgical complications
(functional/activity limitations, fibrosis,
contractures, chronic infection, chronic
pain, limb length discrepancy, increased

Health screening

Exam: bones and soft tissues in
radiation fields

History: psychosocial assessment, with
attention to: educational and/or
vocational progress, depression,
anxiety, posttraumatic stress, social
withdrawal

Exam of affected bone

Bone mineral density test (DXA or
quantitative CT)

History: pain, functional/activity
limitations. Exam: residual limb
integrity. Prosthetic evaluation

History: pain, functional/activity
limitations

Exam: residual limb integrity.
Radiograph of affected limb.

energy expenditure, prosthetic malfunction Orthopedic evaluation
[loosening, nonunion, fracture])

CT computed tomography, DXA dual-energy X-ray absorptiometry, GVHD graft-versus-host disease, HSCT hematopoi-

etic stem cell transplantation

tions have been reported more frequently in survi-
vors who underwent these procedures than in those
treated with amputation. Complications after limb-
sparing surgery include nonunion, pathologic frac-
ture, aseptic loosening, limb-length discrepancy,
endoprosthetic fracture, and limited joint range of
motion (Nagarajan et al. 2002; Kaste et al. 2001).
Occasionally, refractory complications develop
after limb-sparing surgery and require amputation
(Eiser et al. 2001; Renard et al. 2000).

A number of studies have compared functional
outcomes after amputation and limb-sparing sur-
gery, but results have been limited by inconsistent
methods of functional assessment and small cohort
sizes. Overall, data suggest that limb-sparing
surgery results in better function than amputation,
but differences are relatively modest (Nagarajan
et al. 2002; Renard et al. 2000). Similarly, long-
term quality of life outcomes among survivors
undergoing amputation and limb-sparing proce-
dures have not differed substantially (Eiser et al.
2001). A longitudinal analysis of health status
among extremity sarcoma survivors in the CCSS

indicates an association between lower extremity
amputation and increasing activity limitations
with age, and an association between upper
extremity amputation and lower educational
attainment (Marina et al. 2013) (Table 16.3).

Conclusion

Survivors of pediatric bone tumors face lifelong
challenges related to their treatment. Health-care
providers, both adult oncologists and primary
care physicians, rate childhood sarcoma survi-
vors as a population of patients that they feel the
least comfortable treating (Landier et al. 2006).
In comparison to adult oncologists, primary care
physicians reported a lower level of knowledge
regarding both common childhood cancers and
associations of late effects with treatment expo-
sures (Landier et al. 2006). While their reported
level of knowledge of these factors was higher
than primary care providers, adult oncologists
still were substantially less knowledgeable than
pediatric oncologists scoring a mean of 2.66,
compared to 1.88 for primary care providers,
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while pediatric oncologists scored a mean of
4.41 (score range 1-5 with 5 representing self-
reported highest level of knowledge, comfort, or
interest) (Landier et al. 2006). Survivors of pedi-
atric bone tumors experience multiple and some-
times significant health issues related to their
treatment that may increase their risk of early
mortality and diminish quality of life. Knowledge
about risk factors for late effects is essential to
provide timely preventative or corrective inter-
ventions, since many treatment effects have
delayed manifestations related to growth, devel-
opment, and aging (Landier et al. 20006).
Published evidence-based guidelines can pro-
vide the optimal surveillance plan and screening
evaluations based on a personalized plan that
integrates risks related to the previous cancer,
cancer therapy, genetic predispositions, lifestyle
behaviors, and comorbid health conditions. The
full benefits of risk-based health care cannot be
realized unless survivors and health-care provid-
ers have accurate information about cancer diag-
nosis, treatment modalities, and potential
cancer-related health risks to guide recommen-
dations for screening and risk-reducing interven-
tions, regardless of treatment setting or provider
(Landier et al. 2006).
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