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Chapter 1 General introduction

A 12-year-old healthy boy presents at the emergency department with a non-
traumatic 6-week history of pain in the right thigh and a swelling of the right
thigh for the last 3 days. The pain is worse at night and during and after
exercise. There is no pain or swelling in other locations and there are no
complaints of night sweats, fever or weight loss. Physical examination of the
right thigh shows a swelling of hard consistency and a diffuse edge over a
length of about 20 cm and a width of about 10 cm. There is no redness or
warmth of the skin. There is suspicion of a bone or soft-tissue sarcoma and
given the patients’ age a Ewing sarcoma is among the possibilities.

Background

Ewing sarcoma (ES), firstly discovered in 1921 by dr. James Ewing (1), is a highly
aggressive primary sarcoma of the bone and soft-tissue with an undifferentiated
small round cell phenotype. (2) ES is a rare disease with an incidence of 0.1/100.000
in Europe. (3) It mainly affects the paediatric and adolescent population, with a peak
incidence in the second decade of life, and slight male dominance. (4)

Aetiology

Ewing sarcoma is characterized by the presence of a chromosomal translocation
between the Ewing’s sarcoma breakpoint region 1 gene (EWSR1) and various genes
encoding for ES specific transcription factors. Approximately 85% of the patients
present with a t(11;22)(q24;912) translocation that leads to a fusion between EWSR1
on chromosome 22 and the Fried leukemia virus integration site 1 gene (FLI1) on
chromosome 11. This results in an EWS-FLI1 fusion gene encoding a chimeric
transcription factor (EWS-FLI1) that plays part in development and behavior of cells.
The remaining 10-15% are characterized by alternate translocations resulting in the
EWSR1 gene being fused with other transcription factors including ERG, ETV1,
ETV4 or FEB or rarely by EWSR1 being replaced by another member of the TET
family of transcription factors, FUS. (2, 5-7) The products resulting from these fusions
all lead to the production of an oncogenic transcription factor that play part in
development and behavior of cells.

Histogenesis and histology

The histogenetic origin of Ewing sarcoma has been debated over the years and
remains controversial. The lack of genetic subtypes (approximately 85% harbor a
t(11;22) rearrangement) suggest that ES is derived from a single cellular lineage.
Both the neural crest stem cells (NCSC) and mesenchymal stem cells (MSC) have
been proposed as origin. ES can express neural antigens, like gastrin-releasing
peptide (a protein normally expressed by the brain and neuroendocrine cells) on its
surface, can synthesize choline acetyltransferase and some tumors contain Homer-



Chapter 1 General introduction

Wright rosettes. The expression of immunohistochemical markers and the
ultrastructural features in combination with the ability to differentiate along neural
pathways in vitro suggest a neuroectodermal origin, with the neural crest as most
likely progenitor. (8, 9) Other studies show that the expression of the ES fusion
protein EWS-FLI1 blocks MSC differentiation and knockdown of EWS-FLI1 drives
the ES transcriptome towards that of MSCs, suggesting a mesenchymal origin of
Ewing sarcoma. (10, 11) An epithelial origin has also been suggested, since cell-cell
adhesion molecules such as claudin 1 and tight junction protein ZO1 are expressed
on ES cells. (12)

Ewing sarcoma is a small, round cell sarcoma. The cells can exhibit a variable
degree of neural differentiation, although often subtle and only detected by
immunohistochemical staining. ES is periodic acid-Schiff (PAS) positive (figure 1A)
and a high nuclear to cytoplasmic ratio is generally present. The tumor cells
frequently undergo necrosis and mitotic activity is usually low. No routinely used
histochemical or immunohistochemical stain can positively distinguish ES from other
undifferentiated small round cell tumors of childhood, but almost all ES cells express
CD99 or MIC2 (figure 1B). CD99 is a cell surface glycoprotein (designated CD99,
MIC2 surface antigen or p30/32MIC2), which is encoded by the CD99 (MIC2X) gene.
It is a sensitive marker for ES but lacks specificity since it can also be positive in
other tumors (lymphoblastic lymphoma, rhabdomyosarcoma, synovial sarcoma,
mesenchymal chondrosarcoma, blastemal component of Wilms tumor) and normal
tissues are also immunoreactive with anti-MIC2 antibodies. The nucleus of the tumor
cells contains FLI-1, antibodies against FLI-1 are specific for ES. Based on the
degree of neural differentiation, the tumor cells can also express neuron-specific
enolase (NSE), synaptophysin, and S-100 protein. (13-16) For definitive diagnosis
cytogenetic, by fluorescence in situ hybridization (FISH), or molecular genetic
studies, by reverse transcription polymerase chain reaction (RT-PCR), looking for
particular chromosomal translocations and/or their fusion transcripts are required.

Figure 1— Microscopic images of Ewing sarcoma
A) Small uniform cells with scanty cytoplasm and round hyperchromatic nuclei (HE x 400). B)
Characteristic CD99 immunoreactivity of the cell membranes (HE x 400).



Chapter 1 General introduction

Clinical presentation

Patients with Ewing sarcoma usually present with locoregional pain, predominantly
at night, for weeks to months. At the start the pain is often mistaken for growing pain
or sport injuries (such as tendinitis and muscle pain). Other symptoms, like swelling
and functional impairment vary, depending on the duration of the symptoms and
tumor site. Functional impairment occurs if the tumor is located in or close to the
joint, pleural involvement is possible when the tumor is located in the rib and muscle
weakness or neurological pain can arise if the tumor is located in the spine. In case
of pain without clear cause and symptoms lasting for more than one month further
investigation is advised.

About 10 to 20% of patients with Ewing sarcoma have systemic symptoms like fever,
weight loss, fatigue and anemia. Fever is usually caused by cytokines of tumor cells
and it is a sigh of advanced disease. At the time of diagnosis 20-25% of the patients
are diagnosed with metastatic disease. Metastasis occurs to the lungs (40%), to the
bone/bone marrow (40%), a combination of bone with lung or other sites (brain, liver,
lymph nodes) (10%). (17, 18)

Ewing sarcoma most often arises from the long bones of the extremity
(predominantly the femur, but also tibia, fibula and humerus) and the pelvic areas.
The spine, hands and feet can also become affected, but this happens considerably
less often. EICESS trial (19) showed that about 50% of the ES tumors arise in the
axial skeletal of which halve in the pelvic and 50% arise in the extremities, see also
figure 2. This distribution varies with age, older patients (20-24 years old) tend to
have more pelvic and axial tumors than children (0-9 years old). (20) A small
proportion of ES occurs in the soft-tissue only, also known as extra-skeletal ES. This
happens more frequently in older female patients at the extremity.
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Figure 2 — Distribution of primary tumor sites in Ewing sarcoma (19)
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Imaging, diagnosis and staging

Diagnostic work-up starts with the medical history, with a focus on characteristic
symptoms such as duration, intensity and timing of pain. Physical examination
consists of inspection and palpation of the tumor and organ function test to assess
eligibility for systemic treatment. Laboratory test should include complete blood
count, blood serum chemistry (lactate dehydrogenase (LHD) and alkaline phosphate
(AP)), erythrocyte sedimentation rate (ESR) and coagulation test. (21)

A conventional radiograph in two planes is generally performed as first line imaging
showing an aggressive periosteal reaction in the diaphysis or metaphysis of the
bone. This periosteal reaction can present as a uniformly dense, single thin layer of
new bone about 1-2 mm from the cortical surface (single layer periosteal reaction),
but more often a multilayered or onion skin periosteal reaction with multiple
concentric parallel layers of new bone adjacent to the cortex is seen. In aggressive
bone lesions such as Ewing sarcoma the periosteum does not always have time to
ossify during new bone formation (either in single layer or multilayer periosteal
reaction) and only the edge of the raised periosteum is ossified. This phenomenon
is called the Codman triangle. A hair-on-end periosteal reaction is also seen in Ewing
sarcoma. This represents spicules of new bone formation along vascular channels
and the fibrous bands that anchor tendons to bone and signifies a rapid underlying
process that prevents formation of new bone under the raised periosteum.
Additionally, a moth-eaten or permeative type of bone destruction is often observed.
(21) Figure 3 shows some of the typical features seen on a radiograph of an Ewing
sarcoma. If there is a suspicion of a malignant lesion based on conventional
radiographs a magnetic resonance imaging (MRI) of the whole bone or compartment
is advised to allow for more visualization of the extent and the periosteal reaction.
(23) All patients with suspicion of a primary malignant bone tumor based on
radiological assessment should be referred to a specialized bone sarcoma center for
local staging followed by biopsy (if indicated) and the results should be discussed in
a multidisciplinary setting. (22) A core-needle biopsy is carried out under imaging
control and supervision of the oncologic surgeon, since the biopsy tract is considered
contaminated and should be removed together with resection specimen. (21) The
biopsy sample is subjected to cytogenetic (FISH) or molecular genetic studies (RT-
PCR) looking for particular chromosomal translocations and/or their fusion
transcripts to confirm diagnosis of ES. A bone marrow biopsy from the posterior iliac
crest may be considered in the staging, but several studies underline that 18F-fluoro-
2-deoxy-D-glucose positron emission tomography (FDG-PET)/CT is a valuable
method for metastatic bone marrow assessment. (23, 24) To evaluate the presence
of metastasis and/or the response to treatment additional CT of the lungs to detect
small lesions and whole body imaging is required. Whole-body MRI and FDG-
PET/CT are increasingly used to replace bone scintigraphy, because of higher
sensitivity. (23, 25-29) Finally, evaluation of renal, cardiac and auditory function is
needed before the start of treatment, since chemotherapy can result in organ
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dysfunction. For male patients in the reproductive age sperm storage is
recommended and ovarian tissue sampling or cryopreservation for female patients.
(21)

Figure 3 — Radiograph of Ewing sarcoma

A) Anterior-posterior image of the right femur showing widespread cortex destruction with a
hair-on-end periosteal reaction (arrow 1). B) Lateral image of the right femur that shows a
Codman triangle (arrow 2) and moth-eaten, permeative destruction of the bone (arrow 3).

An ultrasound is made that shows a soft tissue mass originating from the
femur with a periosteal reaction. A conventional radiograph is made that
shows widespread cortex destructions and aggressive periosteal reactions
(figure 3). There is a high suspicion for a malignant bone sarcoma and the
patient is referred to a bone sarcoma center for further evaluation and
diagnosis. Laboratory tests results are as followed: white blood cell count
6.5 x109, LDH 351 U/L, C-reactive protein 40.5 mg/L, ESR 60 mm, AF 270
U/L. After local staging by MRI (figure 4A) a biopsy is performed which
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shows small blue round cells (figure 1A) and strong CD99 positivity (figure
1B). Molecular studies show a t(11;22) rearrangement that confirms the
diagnosis of Ewing sarcoma. A Bone marrow biopsy was performed that
showed no morphological changes. Chest CT showed no sign of pulmonary
metastasis (figure 5A) and whole body staging by FDG-PET/CT showed no
metastasis (figure 5B). The disease extent was considered localized and
treatment was started according to EWING 2008.

Multimodal treatment

Patients with Ewing sarcoma are evaluated in a multidisciplinary team (e.g.
radiologist, chemotherapist, pathologist, surgical or orthopaedic oncologist,
radiation oncologist). Standard treatment consists of chemotherapy followed by
local control of the tumor, either surgery, radiotherapy or a combination of both,
and adjuvant chemotherapy.

Chemotherapy

The introduction of chemotherapy and the work of cooperative study groups
drastically improved the outcome and survival of Ewing sarcoma. In non-metastatic
Ewing sarcoma 10-year overall survival is currently 65 to 70%. (19, 30) It all started
with a single agent approach that rapidly evolved to multiagent chemotherapy and
from adjuvant to neoadjuvant setting.(31-35) Current trials all employ 3 to 6 cycles
of multidrug chemotherapy, followed by local therapy and another 6 to 10 cycles of
multidrug chemotherapy with 2 to 3 week intervals. The total treatment duration is
about 1 year. (21) Based on cooperative trials the most active chemotherapy agents
include doxorubicin, cyclophosphamide, ifosfamide, vincristine, dactinomycin and
etoposide (31-33, 36, 37) Almost all current protocols are based on a combination of
five to six of these agents. An interval compressed chemotherapy with dose-dense
regimens was associated with a positive outcome in pediatric (<18 years) patients
with Ewing sarcoma. (38) High-dose chemotherapy with busulfan and melphalan
(BuMel) in combination with stem cell rescue is only indicated for a selected group
of localized Ewing sarcoma patients with a poor response to neo-adjuvant
chemotherapy and/or a tumor volume of more than 200 ml. No benefits for patients
presenting with pulmonary metastasis was shown. (34, 39)
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Figure 4 — Local imaging by MRI of Ewing sarcoma

A 12-year-old boy with Ewing sarcoma of the right thigh. Axial fat-suppressed T2-
weigthed images at diagnosis (A) and after 6 cycles of VIDE chemotherapy (B) show a lesion
in the right thigh with a circumferential soft-tissue mass that shows a high signal. After
chemotherapy a volume decrease of the soft-tissue component is seen, but there is still a soft-
tissue mass remaining.
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Figure 5 — Whole body staging in Ewing sarcoma

A 12-year-old boy with Ewing sarcoma of the right thigh. A) Chest-CT showing clear lung
fields without nodules, consolidations or lymphadenopathy. There is no sign of pulmonary
metastasis. B) Whole body FDG-PET/CT showing high FDG-uptake at the right thigh. There
is no increased FDG-uptake elsewhere in the skeleton apart from physiologic uptake at the
growth plates and hematopoietic bone marrow of the axial skeleton.
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According to the EWING 2008 protocol six cycles of VIDE chemotherapy
(vincristine, ifosfamide, doxorubicin, etoposide) were administrated. After
the 6" cycle the response of the tumor to chemotherapy was assessed by
MRI (figure 4B). There is a decrease in the volume of the soft-tissue
component, however on dynamic MRI fast uptake of contrast is shown
indicative for vital tumor cells. The radiological response is considered poor.

Local control measures

Chemotherapy alone can’t eradicate Ewing sarcoma tumor cells and local therapy,
either surgery, radiotherapy or both, is crucial for management and high cure rates.
Ewing sarcoma is radiosensitive, but given the higher risk of local recurrence with
radiotherapy as sole treatment of the primary tumor, complete surgical excision,
where feasible, is preferred. Surgery involves excision of all tissue that was originally
involved with tumor and resection of the post-chemotherapy volume is not
recommended unless surgery is followed by radiotherapy. Radiotherapy as sole
treatment is generally applied if complete surgical excision causes excessive
morbidity. Radiotherapy doses range from 45 to 60 Gy, depending on location. Pre-
operative radiotherapy could be used to further reduce the tumor and make surgery
possible in cases where complete resection is not feasible after chemotherapy.
Postoperative radiotherapy is indicated in case of inadequate surgical margins and
poor histological response (defined as less than 90% necrosis). De dose of
postoperative radiotherapy is also 45 to 60 Gy and depends on the margins,
histological response and location. Intralesional surgery provides no benefit when
compared to radiotherapy alone and should therefore be avoided. (36, 40-42)
Complications of both surgery and radiotherapy are significant. Surgical resection
could result in functional deficits and radiation carries long-term risks of secondary
malignancy and bone growth disturbances in children. (40, 45, 46) Several
retrospective, non-randomized trials have been performed to evaluate different local
treatment approaches in ES, indicating that surgery with or without radiotherapy is
better than radiotherapy alone. (36, 43, 44)

The results of the MRI are discussed in the multidisciplinary team. To further
improve the response, reduce the remaining soft-tissue mass and make joint
sparing surgery possible the patient is treated with preoperative
radiotherapy of 52Gy. 7 weeks after the last radiation surgery is performed
using surgical navigation. The femur is reconstructed with a 3D printed
custom made endoprosthesis (figure 6). Histopathological examination
shows wide tumor margins and a histological response of 90-99% necrosis.
2 years after surgery the patient is still alive without evidence of disease.



Chapter 1 General introduction

-

Figure 6 — Reconstruction of the femur with 3D printed custom made implant.

Hip- and knee-sparing custom made 3D printed endoprosthesis. A+C) Fitting of the knee-
sparing computer-aided design (CAD) model on 3D reconstruction showing the planning of
the screw placement. B) Fitting of the hip-sparing CAD model showing the planning of the
screw placement. D) Anterior-posterior image of the hip- and knee-joint sparing custom made
endoprosthesis used for reconstruction of the femur.

Metastatic Ewing sarcoma

In non-metastatic Ewing sarcoma 10-year overall survival is currently 55 to 65%, but
survival in metastatic Ewing sarcoma is still dismal. (37, 47, 48) In case of extra-
pulmonary metastasis, survival is worse compared to patients that present with lung
metastasis alone (<20% for extrapulmonary metastasis versus 30-40% for patients
with solitary pulmonary metastasis). (19, 47, 49, 50) The treatment approach for
patients that present with metastatic disease follows the same principle as that of
patients that present with localized disease. Achieving local control in all metastatic
sites has been reported to improve clinical outcome. In patients that present with
lung metastasis, whole-lung irradiation might improve survival. (51) The role of
surgical resection of residual lung metastasis is less defined. The chemotherapy is
similar to that for localized disease, but response is generally less durable. There is
no clear evidence for high-dose chemotherapy in metastatic disease, but protocols
differ among centers and countries. There are no randomized studies to provide the
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evidence. An IESS study showed no benefit from the addition of IE to standard
regimen VDCD for patients with metastatic disease. (52) In another intergroup study
increasing the dose intensity did not improve outcome compared to standard dose
intensity and increased toxicity and risk of secondary malignancies without improving
EFS or OS. (53)

Recurrent Ewing sarcoma

In primary non-metastatic disease 30-40% of patients experience recurrence, in
metastatic disease this number increases to 60-80%. Relapse is mostly systemic
(71-73%), followed by combined (12-18%) and local (11-15%) relapse. (54, 55) 5-
year post-relapse survival is poor, 15-25%, with local recurrence faring better than
systemic. (54, 56, 57) Even though recurrent ES is almost always fatal, further
responses to chemotherapy often happen and are valuable for survival prolongation.
Fast relapse, within 2 years, is associated with worse survival. (54) Treatment in
case of relapse is not standardized and depends on many factors such as site of
relapse, prior treatment and the patients perspective. Among the possible options
for chemotherapeutic treatment are: alkylating agents (cyclophosphamide and high
dose ifosfamide) in combination with topoisomerase inhibitors (etoposide and
topotecan), irinotecan with temozolomide or gemcitabine and docetaxel, high dose
ifosfamide or carboplatin with etoposide. Doxorubicin is often no longer feasible due
to previous achieved maximum cumulative doses. (58, 59) The role of surgery and
radiotherapy is less defined. If prior treatment did not include surgery, resection or
amputation is possible. Radiotherapy is generally only administrated in a palliative
setting. (60)

Aim of this thesis

The aim of this thesis is to provide individual clinically advanced and response
adaptive treatment strategies for Ewing sarcoma. As a result of collaborating trials
survival of ES drastically improved from approximately a 10% 5-year overall survival
(OS) with radiotherapy alone in the 1970s to almost 70% 5-year OS in patients with
localized disease. However, local recurrence, distant metastasis and poor survival
in patients with metastatic Ewing sarcoma, with a 5-year overall survival of 20-35%,
still remain of great concern. Many trails have been performed to reveal prognostic
factors of Ewing sarcoma. Assessment of the complexity of these prognostic factors
is important in predicting the effect of treatment on the course of the disease for each
patient and tumor specifically. Up until today such a prognostic model for Ewing
sarcoma has not yet been identified and validated. Prediction models can assist in
stratifying treatment according to the individual patients’ risk profile, before, but also
during treatment. As demonstrated in the case presented above, there are several
multidisciplinary decision points during Ewing sarcoma treatment where new
information comes available. For example, after the 5" or 6!" induction chemotherapy
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cycle, where decisions for local treatment need to be made, or after surgery where
surgical margins and histological response influence the choices for adjuvant
treatment. Currently, it is unclear how these risk factors that come available during
treatment affect survival. Development of risk- and response adaptive treatment
strategies could assist patients and their multidisciplinary teams in their shared
decision making. Apart from the importance of accurate survival estimation, accurate
staging is also of great importance for individual treatment strategies. Detection of
all metastatic lesions in patients with oligometastatic disease has become relevant,
as a curative rather than a palliative treatment objective and achieving local control
at these sites has been reported to improve clinical outcome. The best staging
modality needs yet to be identified. Also, treatment of Ewing sarcoma is multimodal
and surgery, if feasible, is crucial for curative management. However, accurate
detection and localization of tumor boundaries, especially in anatomical complex
locations such as the pelvic is challenging. Inadequate surgical margins lead to a
higher risk of local recurrence which has major impact on oncological outcome.
Developments in intra-operative imaging, like CT-based navigation systems and
near infrared (NIR) fluorescence guided surgery (FGS) make accurate defining and
localization of surgical margins possible. They represent a whole new field of
precision medicine. As shown in figure 6, CT-based navigation systems provide new
treatment options for patients, thereby improving function outcome and healthcare
quality. The indications, benefits for the patient ad implementation in Ewing sarcoma
treatment are not yet clearly established.

Outline of this thesis

The first part of this thesis focusses of survival prediction. In chapter 2 we performed
a systematic review on the current known prognostic factors for overall survival and
event-free survival. The aim of this systematic review is to provide an overview of
prognostic factors for survival that can be used in the development of prediction
models and clinical trial design. Chapter 3 reports the first prediction model we
developed. This is an easy-to-use model that predicts overall survival from the date
of diagnosis and after surgery. Furthermore, it evaluates if and how survival changes
during the course of treatment as more information comes available. In chapter 4 a
multistate model was developed to further assess the effect of known risk factors on
local recurrence, distant metastasis and death, considering patient- and tumor
characteristics and local treatment modality. To provide a more in-depth analysis of
disease evolution in Ewing sarcoma.

The second part of this thesis focusses on pre-operative and intra-operative imaging
techniques. In chapter 5 we retrospectively compared the diagnostic yield of '8F-
FDG PET-CT to whole-body MRI for detection of skeletal metastasis in Ewing
sarcoma. Since, accurate detection and localization of all metastases in Ewing
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sarcoma is very important because treatment of all these sites potentially provides a
curative approach.

About 25% of the Ewing sarcomas arise from the pelvic. Pelvic and sacral bone
sarcoma resections are challenging due to anatomical and surgical complexity.
Computer assisted surgery could assist in achieving higher surgical accuracy. In
chapter 6 we therefore compared the accuracy in terms of surgical margin achieved
of navigated pelvic and sacral primary bone sarcoma resections to non-navigated
resections. However, surgical navigation is CT-based and only guides the
osteotomy. Ewing sarcoma generally presents with a large soft tissue mass. Intra-
operative distinction between healthy and tumorous tissue is of paramount
importance but challenging, especially after chemotherapy. Near infrared (NIR)
fluorescence guided surgery (FGS) is able to facilitate determination of tumor
boundaries intra-operatively. Chapter 7 provides an overview of possible tumor-
specific biomarkers in Ewing sarcoma suitable for NIR FGS in Ewing sarcoma.

In chapter 8 the main results of the studies in this thesis are summarized. Chapter
9 discusses the outcomes of the previous chapters, places them into a clinical
context and concludes with future perspectives and implication for research. A
summary of this thesis in Dutch is presented in chapter 10.



Chapter 1 General introduction

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Ewing J. Classics in oncology. Diffuse endothelioma of bone. James Ewing.
Proceedings of the New York Pathological Society, 1921. CA Cancer J Clin.
1972;22(2):95-8.

Fletcher CDM, Bridge, J.A., Hogendoorn, P.C.W., Mertens, F. . WHO Classification
of Tumours of Soft Tissue and Bone. 4th edition ed. Lyon, France: IARC; 2013.
Stiller CA, Trama A, Serraino D, Rossi S, Navarro C, Chirlaque MD, et al.
Descriptive epidemiology of sarcomas in Europe: report from the RARECARE
project. Eur J Cancer. 2013;49(3):684-95.

Kankerregistratie N. [18-02-2019]. Available from:
https://www.cijfersoverkanker.nl/selecties/dataset 1/img5c6ab6a80e39a.

Sankar S, Lessnick SL. Promiscuous partnerships in Ewing's sarcoma. Cancer
Genet. 2011;204(7):351-65.

Delattre O, Zucman J, Melot T, Garau XS, Zucker JM, Lenoir GM, et al. The Ewing
family of tumors--a subgroup of small-round-cell tumors defined by specific
chimeric transcripts. The New England journal of medicine. 1994;331(5):294-9.
Arvand A, Denny CT. Biology of EWS/ETS fusions in Ewing's family tumors.
Oncogene. 2001;20(40):5747-54.

von LC, Jiang X, Gwye Y, von LG, Hung L, Cooper A, et al. Modeling initiation of
Ewing sarcoma in human neural crest cells. PLoS One. 2011;6(4):e19305.

Staege MS, Hutter C, Neumann I, Foja S, Hattenhorst UE, Hansen G, et al. DNA
microarrays reveal relationship of Ewing family tumors to both endothelial and fetal
neural crest-derived cells and define novel targets. Cancer Res. 2004;64(22):8213-
21.

Tirode F, Laud-Duval K, Prieur A, Delorme B, Charbord P, Delattre O.
Mesenchymal stem cell features of Ewing tumors. Cancer Cell. 2007;11(5):421-9.
Riggi N, Suva ML, Suva D, Cironi L, Provero P, Tercier S, et al. EWS-FLI-1
expression triggers a Ewing's sarcoma initiation program in primary human
mesenchymal stem cells. Cancer Research. 2008;68(7):2176-85.

Schuetz AN, Rubin BP, Goldblum JR, Shehata B, Weiss SW, Liu W, et al.
Intercellular junctions in Ewing sarcoma/primitive neuroectodermal tumor:
additional evidence of epithelial differentiation. Mod Pathol. 2005;18(11):1403-10.
Fellinger EJ, Garin-Chesa P, Triche TJ, Huvos AG, Rettig WJ.
Immunohistochemical analysis of Ewing's sarcoma cell surface antigen
p30/32MIC2. Am J Pathol. 1991;139(2):317-25.

Fellinger EJ, Garin-Chesa P, Glasser DB, Huvos AG, Rettig WJ. Comparison of
cell surface antigen HBA71 (p30/32MIC2), neuron-specific enolase, and vimentin in
the immunohistochemical analysis of Ewing's sarcoma of bone. Am J Surg Pathol.
1992;16(8):746-55.

Kavalar R, Marinsek ZP, Jereb B, Cagran B, Golouh R. Prognostic value of CD99,
CD117, p53 and bcl-2 in Ewing sarcoma family tumours. European Journal of
Oncology. 2007;12(4):243-53.

Llombart-Bosch A, Machado I, Navarro S, Bertoni F, Bacchini P, Alberghini M, et
al. Histological heterogeneity of Ewing's sarcoma/PNET: an immunohistochemical
analysis of 415 genetically confirmed cases with clinical support. Virchows Arch.
2009;455(5):397-411.

Cangir A, Vietti TJ, Gehan EA, Burgert EO, Jr., Thomas P, Tefft M, et al. Ewing's
sarcoma metastatic at diagnosis. Results and comparisons of two intergroup
Ewing's sarcoma studies. Cancer. 1990;66(5):887-93.

Bernstein ML, Devidas M, Lafreniere D, Souid AK, Meyers PA, Gebhardt M, et al.
Intensive therapy with growth factor support for patients with Ewing tumor
metastatic at diagnosis: Pediatric Oncology Group/Children's Cancer Group Phase




Chapter 1 General introduction

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

Il Study 9457--a report from the Children's Oncology Group. J Clin Oncol.
2006;24(1):152-9.

Cotterill SJ, Ahrens S, Paulussen M, Jurgens HF, Voute PA, Gadner H, et al.
Prognostic factors in Ewing's tumor of bone: analysis of 975 patients from the
European Intergroup Cooperative Ewing's Sarcoma Study Group. J Clin Oncol.
2000;18(17):3108-14.

Worch J, Ranft A, DuBois SG, Paulussen M, Juergens H, Dirksen U. Age
dependency of primary tumor sites and metastases in patients with Ewing
sarcoma. Pediatric Blood & Cancer. 2018;65(9).

Casali PG, Bielack S, Abecassis N, Aro HT, Bauer S, Biagini R, et al. Bone
sarcomas: ESMO-PaedCan-EURACAN Clinical Practice Guidelines for diagnosis,
treatment and follow-up. Ann Oncol. 2018;29(Supplement_4):iv79-iv95.

Blay JY, Soibinet P, Penel N, Bompas E, Duffaud F, Stoeckle E, et al. Improved
survival using specialized multidisciplinary board in sarcoma patients. Ann Oncol.
2017;28(11):2852-9.

Newman EN, Jones RL, Hawkins DS. An evaluation of [F-18]-fluorodeoxy-D-
glucose positron emission tomography, bone scan, and bone marrow
aspiration/biopsy as staging investigations in Ewing sarcoma. Pediatr Blood
Cancer. 2013;60(7):1113-7.

Kasalak O, Glaudemans A, Overbosch J, Jutte PC, Kwee TC. Can FDG-PET/CT
replace blind bone marrow biopsy of the posterior iliac crest in Ewing sarcoma?
Skeletal Radiol. 2018;47(3):363-7.

Antoch G, Vogt FM, Freudenberg LS, Nazaradeh F, Goehde SC, Barkhausen J, et
al. Whole-body dual-modality PET/CT and whole-body MRI for tumor staging in
oncology. JAMA. 2003;290(24):3199-206.

Ruggiero A, Lanni V, Librizzi A, Maurizi P, Attina G, Mastrangelo S, et al.
Diagnostic Accuracy of 18F-FDG PET/CT in the Staging and Assessment of
Response to Chemotherapy in Children With Ewing Sarcoma. J Pediatr Hematol
Oncol. 2018;40(4):277-84.

Franzius C, Sciuk J, Daldrup-Link HE, Jurgens H, Schober O. FDG-PET for
detection of osseous metastases from malignant primary bone tumours:
comparison with bone scintigraphy. European journal of nuclear medicine.
2000;27(9):1305-11.

Treglia G, Salsano M, Stefanelli A, Mattoli MV, Giordano A, Bonomo L. Diagnostic
accuracy of (1)(8)F-FDG-PET and PET/CT in patients with Ewing sarcoma family
tumours: a systematic review and a meta-analysis. Skeletal Radiol.
2012;41(3):249-56.

Mentzel HJ, Kentouche K, Sauner D, Fleischmann C, Vogt S, Gottschild D, et al.
Comparison of whole-body STIR-MRI and 99mTc-methylene-diphosphonate
scintigraphy in children with suspected multifocal bone lesions. Eur Radiol.
2004;14(12):2297-302.

Whelan J, Le Deley MC, Dirksen U, Le Teuff G, Brennan B, Gaspar N, et al. High-
Dose Chemotherapy and Blood Autologous Stem-Cell Rescue Compared With
Standard Chemotherapy in Localized High-Risk Ewing Sarcoma: Results of Euro-
E.W.I.N.G.99 and Ewing-2008. J Clin Oncol. 2018:JC02018782516.

Paulussen M, Craft AW, Lewis I, Hackshaw A, Douglas C, Dunst J, et al. Results of
the EICESS-92 Study: two randomized trials of Ewing's sarcoma treatment--
cyclophosphamide compared with ifosfamide in standard-risk patients and
assessment of benefit of etoposide added to standard treatment in high-risk
patients. J Clin Oncol. 2008;26(27):4385-93.

Grier HE, Krailo MD, Tarbell NJ, Link MP, Fryer CJ, Pritchard DJ, et al. Addition of
ifosfamide and etoposide to standard chemotherapy for Ewing's sarcoma and
primitive neuroectodermal tumor of bone. N Engl J Med. 2003;348(8):694-701.



Chapter 1 General introduction

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Nesbit ME, Jr., Gehan EA, Burgert EO, Jr., Vietti TJ, Cangir A, Tefft M, et al.
Multimodal therapy for the management of primary, nonmetastatic Ewing's
sarcoma of bone: a long-term follow-up of the First Intergroup study. J Clin Oncol.
1990;8(10):1664-74.

Whelan J, Le Deley M-C, Dirksen U, Le Teuff G, Brennan B, Gaspar N, et al. High-
Dose Chemotherapy and Blood Autologous Stem-Cell Rescue Compared With
Standard Chemotherapy in Localized High-Risk Ewing Sarcoma: Results of Euro-
E.W.I.N.G.99 and Ewing-2008. Journal of clinical oncology : official journal of the
American Society of Clinical Oncology. 2018:JC02018782516.

Granowetter L, Womer R, Devidas M, Krailo M, Wang C, Bernstein M, et al. Dose-
intensified compared with standard chemotherapy for nonmetastatic Ewing
sarcoma family of tumors: a Children's Oncology Group Study. J Clin Oncol.
2009;27(15):2536-41.

Schuck A, Ahrens S, Paulussen M, Konemann S, Rube CE, Rube C, et al. Local
therapy in localized Ewing tumors: Results Of 1,058 patients treated in the CESS
81, CESS 86 and EICESS 92 trials. Strahlentherapie Und Onkologie. 2002;178:8-.
Gaspar N, Hawkins DS, Dirksen U, Lewis IJ, Ferrari S, Le Deley MC, et al. Ewing
Sarcoma: Current Management and Future Approaches Through Collaboration. J
Clin Oncol. 2015;33(27):3036-46.

Womer RB, West DC, Krailo MD, Dickman PS, Pawel BR, Grier HE, et al.
Randomized controlled trial of interval-compressed chemotherapy for the treatment
of localized Ewing sarcoma: a report from the Children's Oncology Group. J Clin
Oncol. 2012;30(33):4148-54.

Ferrari S, Sundby Hall K, Luksch R, Tienghi A, Wiebe T, Fagioli F, et al.
Nonmetastatic Ewing family tumors: high-dose chemotherapy with stem cell rescue
in poor responder patients. Results of the Italian Sarcoma Group/Scandinavian
Sarcoma Group Il protocol. Ann Oncol. 2011;22(5):1221-7.

Werier J, Yao X, Caudrelier JM, Di PG, Ghert M, Gupta AA, et al. A systematic
review of optimal treatment strategies for localized Ewing's sarcoma of bone after
neo-adjuvant chemotherapy. Surg Oncol. 2016;25(1):16-23.

DuBois SG, Krailo MD, Gebhardt MC, Donaldson SS, Marcus KJ, Dormans J, et al.
Comparative evaluation of local control strategies in localized Ewing sarcoma of
bone: a report from the Children's Oncology Group. Cancer. 2015;121(3):467-75.
Hardes J, von Eiff C, Streitbuerger A, Balke M, Budny T, Henrichs MP, et al.
Reduction of periprosthetic infection with silver-coated megaprostheses in patients
with bone sarcoma. J Surg Oncol. 2010;101(5):389-95.

Bacci G, Forni C, Longhi A, Ferrari S, Donati D, De Paolis M, et al. Long-term
outcome for patients with non-metastatic Ewing's sarcoma treated with adjuvant
and neoadjuvant chemotherapies. 402 patients treated at Rizzoli between 1972
and 1992. Eur J Cancer. 2004;40(1):73-83.

Shankar AG, Pinkerton CR, Atra A, Ashley S, Lewis |, Spooner D, et al. Local
therapy and other factors influencing site of relapse in patients with localised
Ewing's sarcoma. United Kingdom Children's Cancer Study Group (UKCCSG). Eur
J Cancer. 1999;35(12):1698-704.

Paulino AC, Fowler BZ. Secondary neoplasms after radiotherapy for a childhood
solid tumor. Pediatr Hematol Oncol. 2005;22(2):89-101.

Kuttesch JF, Jr., Wexler LH, Marcus RB, Fairclough D, Weaver-McClure L, White
M, et al. Second malignancies after Ewing's sarcoma: radiation dose-dependency
of secondary sarcomas. J Clin Oncol. 1996;14(10):2818-25.

Ladenstein R, Potschger U, Le Deley MC, Whelan J, Paulussen M, Oberlin O, et al.
Primary disseminated multifocal Ewing sarcoma: results of the Euro-EWING 99
trial. J Clin Oncol. 2010;28(20):3284-91.

Pappo AS, Dirksen U. Rhabdomyosarcoma, Ewing Sarcoma, and Other Round
Cell Sarcomas. J Clin Oncol. 2018;36(2):168-79.



Chapter 1 General introduction

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Takenaka S, Naka N, Obata H, Joyama S, Hamada K, Imura Y, et al. Treatment
outcomes of Japanese patients with Ewing sarcoma: differences between skeletal
and extraskeletal Ewing sarcoma. Japanese journal of clinical oncology.
2016;46(6):522-8.

Haeusler J, Ranft A, Boelling T, Gosheger G, Braun-Munzinger G, Vieth V, et al.
The value of local treatment in patients with primary, disseminated, multifocal
Ewing sarcoma (PDMES). Cancer. 2010;116(2):443-50.

Bolling T, Schuck A, Paulussen M, Dirksen U, Ranft A, Konemann S, et al. Whole
lung irradiation in patients with exclusively pulmonary metastases of Ewing tumors.
Toxicity analysis and treatment results of the EICESS-92 trial. Strahlenther Onkol.
2008;184(4):193-7.

Miser JS, Krailo MD, Tarbell NJ, Link MP, Fryer CJ, Pritchard DJ, et al. Treatment
of metastatic Ewing's sarcoma or primitive neuroectodermal tumor of bone:
evaluation of combination ifosfamide and etoposide--a Children's Cancer Group
and Pediatric Oncology Group study. Journal of clinical oncology : official journal of
the American Society of Clinical Oncology. 2004;22(14):2873-6.

Miser JS, Goldsby RE, Chen Z, Krailo MD, Tarbell NJ, Link MP, et al. Treatment of
metastatic Ewing sarcoma/primitive neuroectodermal tumor of bone: evaluation of
increasing the dose intensity of chemotherapy--a report from the Children's
Oncology Group. Pediatr Blood Cancer. 2007;49(7):894-900.

Stahl M, Ranft A, Paulussen M, Bolling T, Vieth V, Bielack S, et al. Risk of
recurrence and survival after relapse in patients with Ewing sarcoma. Pediatr Blood
Cancer. 2011;57(4):549-53.

Barker LM, Pendergrass TW, Sanders JE, Hawkins DS. Survival after recurrence
of Ewing's sarcoma family of tumors. J Clin Oncol. 2005;23(19):4354-62.
Rodriguez-Galindo C, Liu T, Krasin MJ, Wu J, Billups CA, Daw NC, et al. Analysis
of prognostic factors in ewing sarcoma family of tumors: review of St. Jude
Children's Research Hospital studies. Cancer. 2007;110(2):375-84.

Bacci G, Ferrari S, Longhi A, Donati D, De Paolis M, Forni C, et al. Therapy and
survival after recurrence of Ewing's tumors: the Rizzoli experience in 195 patients
treated with adjuvant and neoadjuvant chemotherapy from 1979 to 1997. Ann
Oncol. 2003;14(11):1654-9.

Ferrari S, del Prever AB, Palmerini E, Staals E, Berta M, Balladelli A, et al.
Response to High-Dose Ifosfamide in Patients With Advanced/Recurrent Ewing
Sarcoma. Pediatric Blood & Cancer. 2009;52(5):581-4.

Hunold A, Weddeling N, Paulussen M, Ranft A, Liebscher C, Jurgens H. Topotecan
and cyclophosphamide in patients with refractory or relapsed Ewing tumors.
Pediatr Blood Cancer. 2006;47(6):795-800.

Leavey PJ, Mascarenhas L, Marina N, Chen Z, Krailo M, Miser J, et al. Prognostic
factors for patients with Ewing sarcoma (EWS) at first recurrence following multi-
modality therapy: A report from the Children's Oncology Group. Pediatr Blood
Cancer. 2008;51(3):334-8.



