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INTRODUCTION
Sarcomas encompass a rare and heterogeneous group of solid malignant neoplasms which 
originate from so� tissues (84%) or bones (14%) [1]. Multidisciplinary management of sarcomas 
that are o�en contiguous to critical organs at risk is challenging and varies widely according to 
the respective site, histopathology and stage. Even though improvements of surgical  techniques 
were achieved over the last decades, complete resection is o�en impossible without risking 
major impairments. In these cases, surgical procedure is ideally complemented or replaced 
by high-precision radiotherapy (RT). However, sensitive structures in close proximity to the 
tumour may limit the delivery of su�cient dose required for e�ective local therapy in sarcomas. 
In this context, protons and other charged particles (e.g., carbon ions) are of increasing interest 
due to their physical and radiobiological properties. Protons and other charged particles have 
the advantage of restricting the irradiated volume and improving sparing of normal tissue com-
pared to standard photon techniques and intensity-modulated radiotherapy (IMRT). However, 
evidence of the clinical bene�ts of particle therapy for the treatment of sarcomas, especially 
for long-term outcomes and their prognostic factors, is still limited. Nevertheless, early data in 
small cohorts suggest good feasibility as well as high e�cacy. For rhabdomyosarcoma (RMS) 
and Ewing’s sarcoma, data on treatment with proton beam therapy (PBT) are  predominantly 
available, whereas carbon-ion radiotherapy (CIRT) was introduced predominantly for osteo-
sarcoma and chordoma (CH) and chondrosarcoma (CS).

RHABDOMYOSARCOMAS

Epidemiology

RMS is the most common childhood so�-tissue sarcoma and accounts for 3.1% of all 
paediatric tumours, with an incidence of 4.8 per million [2,3]. �e most common site of 
presentation in paediatric RMS is the head and neck, with the majority being in a parame-
ningeal location. �e �ve-year overall survival (OS) rate in the paediatric population has 
improved from 49% in 1975–1979 to 64% in 2003–2009 [3]. RMS in adults is less common, 
accounting for 2%–5% of adult so�-tissue sarcomas [4]. Experience in this population is 
limited, and data is predominantly derived from retrospective case series [5,6]. Compared 
to the paediatric population, adult RMS patients have a poorer prognosis, with a �ve-year 
OS of 31%–44% [5,7–9].

Risk Stratification

Risk strati�cation of patients with RMS is based on a number of factors such as extent 
of residual tumour a�er surgery with consideration of regional lymph node involvement, 
tumour size, invasiveness, nodal status and site of primary tumour. �ese factors are 
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incorporated into the Children’s Oncology Group (COG) risk strati�cation system (low, 
intermediate and high risk). Disease site alone was also proven to be a strong predictor for 
survival and disease control. While paediatric patients with orbital RMS have favourable 
10-year OS and event-free survival (EFS) of 87% and 77% [10], tumours in paramenin-
geal site are known to have a poorer prognosis, with a 10-year OS and EFS of 66.1% and 
62.6%, respectively [11]. Besides very young age, large tumour size and histology other than 
embryonal, particularly intracranial extensions are associated with a poorer outcome in 
this unfavourable site [11–14].

Therapy

Chemotherapy is administered according to risk strati�cation. Local control (LC) is typi-
cally achieved by a combination of resection with or without RT. �e goal of surgical resec-
tion is complete tumour removal while preserving organs and functional tissue. However, 
surgical approach depends highly on tumour site and feasibility of complete surgery. In 
parameningeal sites, LC is usually managed by CTx (chemotherapy) and RT alone [15].

According to Intergroup Rhabdomyosarcoma Studies (IRS) recommendation, all 
patients with group II-IV RMS will receive RT. Dose, duration and timing of RT depends 
on the clinical group and disease site [16]. RT has proven to be an important component 
of the combined-modality treatment in RMS [17,18]. Particularly in parameningeal RMS, 
analyses reinforce the necessity for RT. Signi�cant di�erences in 10-year OS and EFS for 
paediatric patients with (68.5% and 66%) and without initial RT (40.8% and 25.1%) are 
reported [11]. PBT is considered highly conformal and dosimetric studies have con�rmed 
that PBT, when compared to conventional photon-based RT and IMRT, may o�er consid-
erable dosimetric advantages in parameningeal [19,20], orbital [20,21] and genitourinary 
sites [20,22]. However, clinical comparative data on long-term outcomes a�er PBT is still 
sparse in paediatric RMS and does not exist in the adult population.

Long-Term Outcomes and Prognostic Factors

Five-year OS, LC and EFS for PBT in localised RMS or metastatic embryonal RMS are 78%, 
81% and 69%, respectively [23]. Outcomes for parameningeal RMS are notably lower, with 
�ve-year OS, LC, EFS, PFS (progression-free survival) and FFS (failure-free survival) of 64%–
73%, 67.5%–77%, 60%, 72% and 59%, respectively [23–26]. Analyses on prognostic factors a�er 
PBT support these data. Parameningeal site, compared to other sites, is a signi�cant risk fac-
tor for experiencing local failure [24]. Furthermore, intracranial extensions in parameningeal 
RMS seem to strongly predict local failure with a hazard ratio (HR) of 3.78 (p = 0.009) [24].

COG risk group (high versus low/intermediate) with a HR of 4.86 (p  =  0.09) as 
well as IRS stage (≥3) with an HR of 7.01 (p =  0.003) strongly predict LC [24]. Five-
year EFS, OS and LC are higher in the low-risk group (93%, 100% and 93%) compared 
to  intermediate-risk patients with a �ve-year EFS, OS and LC of 61% (p = 0.04), 70% 
(p = 0.04) and 77% (p = 0.20), respectively [23]. �ese outcomes for intermediate-risk 
patients treated with PBT were poorer than those in a COG trial using conventional RT 
including a larger cohort of intermediate-risk patients, reporting an FFS of 68%–73% 
and an OS of 79% [13].



118   ◾   Advances in Particle Therapy

Age of the patient also in�uences tumour control. A trend is seen towards improved LC 
for patients aged 2–10 years (88%) compared with patients younger than two years or older 
than 10 years (64%) (p = 0.07) [23]. In addition, a primary tumour size of more than �ve 
centimetres adversely a�ects OS (p = 0.14) [23] and local failure (HR = 3.13, p = 0.04) [24]. 
Another signi�cant positive predictor for PFS is a shorter time interval between the start 
of neoadjuvant CTx (chemotherapy) and start of PT (cuto� at 13 weeks) with a PFS of 57% 
compared to 89% (p = 0.04). Particularly for the high-risk group with intracranial exten-
sions, these data suggest that a delay in radiation should be avoided [24,25].

Late Toxicities

Depending on the site of treatment, RT can result in adverse events such as decreased 
statural growth, neuroendocrine dysfunction or visual impairments [27,28]. �e incidence 
of late toxicities in paediatric RMS populations treated with PBT is promising. Late tox-
icities of any grade (18%–35%) in paediatric cohorts [23,24] were favourable compared to 
long-term toxicity data for head and neck RMS treated with IMRT ranging from 32% to 
47% [29–31]. In several studies on PBT for RMS, late higher-grade toxicities were seen in 
7% [23], 18% [24] and 8% [25] of the patients. �ese late sequelae occurred as endocrine 
abnormalities, facial hypoplasia and dry eye [23] as well as cataracts and hearing impair-
ments [23–25]. So far, only a single case of radiation-induced secondary malignancy was 
reported [24].

CHORDOMAS AND CHONDROSARCOMAS

Epidemiology

CH as a primary bone tumour arises from remnants of the notochord. It occurs within 
the axial skeleton, two-thirds at the ends (sacrum and clivus) and one-third at the spine 
[32]. CS is a heterogeneous group of malignant, cartilage-forming bone tumours and is the 
second leading primary sarcoma a�er osteosarcoma [33].

Risk Stratification

Important prognostic factors are tumour volume and age [34,35]. A common staging sys-
tem for CH and CS is the American Joint Committee on Cancer (AJCC) System for bone 
sarcomas [36,37]. It is based on tumour size, grade, presence and locations of metastases. 
Stage I bone sarcomas are low grade and stage II bone sarcomas are high grade. Patients 
with stage III present with synchronous tumours of the regional bone. Stage IV is subdi-
vided in the presence of either pulmonary (A) or nonpulmonary metastases (B).

Therapy

Gross total resection (GTR) is rarely achievable due to the typical location of CH and CS 
near critical structures. �erefore, additional RT is indicated to achieve better LC rates 
and to improve the prognosis [38,39]. As CH and CS are highly radio-resistant, doses up to 
70–74 Gray are necessary to be e�ective (Figure 9.1) [40,41]. However, sensitive structures 
in close proximity to the tumour may limit the delivery of su�cient dose. Only few series 
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with photons have delivered such high doses as required for long-term tumour control 
[42]. Particle therapy has been shown to have an important role since local doses beyond 
70  Gray are essential for long-term LC. �e physical properties of the particle beam, 
together with the intricate anatomy with close proximity to sensitive organs at risk such 
as the brain stem, optic chiasm or cranial nerves, which have relevant physiological func-
tions, are central arguments for particle therapy.

Long-Term Outcomes and Prognostic Factors

Several centres have reported their results from photon RT and have shown rather disap-
pointing long-term LC, ranging from 15%–65% for CH, and 80%–100% for CS [43–50]. 
Early data from proton centres have demonstrated superior results; therefore, currently, 
proton therapy should be considered the gold standard [51]. Early studies from Boston, 
Massachusetts, United States, have reported local failure rate of 31% in 204 CH patients, of 
which 95% were local recurrences [51].
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FIGURE 9.1 Simultaneous integrated boost dose plan with intensity modulated proton beam 
therapy for a clivus chordoma in a 50-year-old patient with sparing of myelon. Purple area: gross 
tumour volume, orange area: clinical target volume, red line: 95% isodose, yellow line: 76% isodose, 
light blue line: 50% isodose, dark blue line: 20% isodose.
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French data published by Noel et al. reported on 67 patients with CH and CS with pho-
tons and a proton boost [35]; the three-year LC rates were 71% and 85% for CH and CS. 
Updated results for CH con�rmed the LC rates at 86% at two and 54% at four years, respec-
tively [34]. In that study, dose was limited to 67 Gray, which is lower than in most series 
treating the protons therapy only. Recent data included only patients treated with protons, 
no photons. While overall tolerability of such high doses is reported, including tumours of 
varying histologies, only a few series on pure CH or CS are available with long-term follow-
up and providing long-term evidence [52].

�e Paul Scherrer Institute (PSI) published their results a�er proton therapy delivered 
with spot-scanning. �ey treated 151 (68%) CH and 71 (32%) CS patients, and the median 
dose was 72.5 ± 2.2 Gray RBE. LC at seven years for CH was 71% and 94% for CS patients. 
Prognostic factors were optic apparatus and/or brainstem compression, histology and 
tumour volume. High-grade toxicities were observed in 13% of the patients at seven years. 
Detailed analyses on toxicity, predominantly temporal lobe toxicity, have shown no di�er-
ences in dose-response relationships between photons and protons. Mainly tissue volume 
included into high-dose regions was predictive for side e�ects [53,54]; treatment planning 
recommendations stated that not only maximal doses but particularly volume relation-
ships (Dmax, V − 1 cm3) were considered to be most relevant.

Recently, the Heidelberg group has reported long-term outcome a�er CIRT in skull base 
CHs, demonstrating high LC rates for CH of 54% at 10 years, and for CS of 91.5% [55,56]. 
Currently, randomised trials comparing protons and carbon ions in skull base CHs are 
recruiting in order to show which particle type leads to superior outcome. However, a 
treatment arm with modern, advanced photons is missing in both studies [57,58].

Late Toxicities

A PBT series reported an eight-year high-grade (≥3) toxicity-free survival (TFS) of 90.8% 
for skull base CS. �ough not statistically signi�cant, TFS was in�uenced by the number 
of weekly fractions, age and tumour volume. Observed late high-grade toxicities for base of 
skull tumours were hearing loss, cerebellum or spinal cord necrosis and optic neuropathy 
[40]. In a study on PBT for bone sarcomas of the skull base but also spine, late sequelae 
grade 3 or 4 toxicities occurred in 9.4% of the patients. Grade 3 late toxicities mainly 
a�ected musculoskeletal and connective tissue. However, grade 4 late toxicities included 
tissue necrosis and brainstem infarction as well [59].

OSTEOSARCOMAS

Epidemiology

Osteosarcomas predominantly arise in the metaphysis of long bones [60,61] and are the 
most common bone tumours amongst adolescents and young adults [62,63]. Like Ewing’s 
sarcoma, osteosarcoma mainly occur in patients younger than 20 years with about 35% of 
all cases reported for patients aged 10–19 years [33]. Most common localisation for osteo-
sarcoma amongst all age groups is lower long bones, though pelvic localisation is getting 
more important in higher age groups [63].
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Risk Stratification

Initial tumour size, tumour location, response to chemotherapy, surgical remission and 
primary metastases are understood to be prognostic factors in osteosarcomas [64–66]. As 
in CH and CS, the AJCC staging system is used for osteosarcomas [67].

Therapy

�e gold standard for achieving LC is complete surgery whenever amenable [68,69]. Wide 
surgical margins should be attempted [69]. However, wide surgery is di�cult to achieve 
for lesions of the axial skeleton and the pelvis or base of the skull. Increasingly, multi-
modal treatment approaches including surgery and chemotherapy are used [69]. �ough 
RT is predominantly used for patients with non-resectable osteosarcomas or in situations 
with positive margins, studies indicate that patients with some characteristics bene�t from 
the addition of RT in their treatments [70,71]. If radiation therapy is considered for unre-
sectable osteosarcomas, very high doses have to be applied due to low radiosensitivity of 
this entity [68]. �erefore, highly conformal radiation techniques like proton and carbon 
therapy have come into focus [69].

Long-Term Outcomes and Prognostic Factors

Five-year OS, LC and disease-free survival (DFS) rates a�er PBT of 65.5%–67%, 68%–
72% and 65%, respectively, were reported [72,73]. In�uencing factors for LC were grade 
≥2 disease and prolonged treatment length. Even though not signi�cant, craniofacial 
osteosarcomas were detected to be an indicator for local failure (HR = 2.6). However, 
presentation for primary or relapsed disease did not adversely in�uence LC. In addition, 
radiation treatment volumes as well as the absence of surgery did not interact with treat-
ment failure [72]. Five-year LC and OS as well as DFS for patients with GTR or subtotal 
tumour resection (STR) were signi�cantly better compared to those undergoing biopsy 
only. In addition, survival was signi�cantly superior for patients treated for primary 
tumour than if treated for salvage. However, the anatomic site did not signi�cantly in�u-
ence LC [73].

For patients with unresectable spinal osteosarcomas, a �ve-year LC, OS and PFS rate 
a�er carbon ion irradiation of 79%, 52% and 48%, respectively, was reported [74]. Patients 
with carbon irradiation doses of <64  gray-equivalent showed signi�cantly more recur-
rences than those who received ≥64 GyE. A tumour volume ≤100 cubic centimetres and 
a vertical tumour size larger than 40 millimetres do signi�cantly tend to show more local 
recurrences than tumours with volumes >100  cubic centimetres and ≥40  millimetres. 
Lower survival and tumour control rates are seen for unresectable osteosarcomas of the 
trunk treated with CIRT. Five-year OS, disease speci�c survival (DSS), PFS and LC rate 
were 33%, 34%, 23% and 62%, respectively [75]. Eastern Cooperative Oncology Group 
(ECOG) performance status of 1, CTV <500 cubic centimetres, normal alkaline phospha-
tase (ALP) and C-reactive protein (CRP) level were detected as signi�cant prognostic fac-
tors positively in�uencing OS. LC was signi�cantly superior in patients with performance 
status of 1 as well as with smaller clinical target volumes (CTV) (<500 vs. ≥500  cubic 
centimetres). Five-year OS and LC for unresectable osteosarcoma of the head and neck 
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were 44.4% and 85.7%, respectively [76]. �e results for the entire cohort demonstrated 
a signi�cant di�erence in survival for gross tumour volume (GTV) (≥100 millilitres vs. 
<100 millilitres). LC was signi�cantly higher for patients a�er irradiation with 70.4 GyE 
compared to lower total doses.

Late Toxicities

Late higher-grade (3 and 4) toxicities a�er PBT for osteosarcoma in various sites were 
30.1%, with patients showing grade 3 toxicities which predominantly consisted of pain 
and immobility of limb. Late grade 4 toxicities predominantly resulted in enucleation. 
However, two patients developed second malignancies (one acute lymphocytic leukaemia 
and one secondary squamous cell carcinoma) [72]. Late grade 3 and 4 toxicities a�er CIRT 
of unresectable osteosarcoma of the trunk were reported as skin/so�-tissue reactions and 
permanent neurologic and bone toxicities [75].

EWING’S SARCOMAS

Epidemiology

Ewing’s sarcomas, peripheral primitive neuroectodermal tumours (PNET) and Askin 
tumours are assigned to the family of Ewing’s tumours [77]. Typical localisations are lower 
extremities (18% tibia, 20% femur), pelvis (26%), chest wall (16%) and upper extremity 
(9%) [33,78]. About 40% of all Ewing’s sarcomas appear in the age group 10–19 years [33]. 
Consequently, the highest incidence of Ewing’s sarcomas is seen in the second decade of 
life [33].

Risk Stratification

Metastases at initial diagnosis, primary site and age [79] as well as tumour stage and size 
[80] are known to in�uence prognosis. For localised Ewing’s sarcomas, strong prognostic 
factors are initial tumour size or volume in general and histologic response to chemother-
apy [81]. In metastatic Ewing’s sarcomas, age older than 14 years at diagnosis, a primary 
tumour volume more than 200 millilitres, presence of two or more bone metastases, pres-
ence of bone marrow metastases and additional pulmonary metastases are known to be 
negative prognostic factors [82].

Therapy

�e implementation of multimodal treatment regimens consisting of local therapy as well 
as chemotherapy has improved outcomes for patients of Ewings’s sarcomas over the last 
decades [81]. RT is used when complete surgery is di�cult (Figure 9.2) [83]. If RT is used 
in de�nitive settings, doses between 55 and 60 Gray are applied. For RT in combination 
with surgery, lower doses (45–55 Gray) seem to be appropriate [84]. Typical sites for RT are 
the pelvis, extremities and spine [83]. For pelvic, spinal and paraspinal Ewing’s sarcomas, 
a bene�t is likely for the adjuvant RT [85,86]. Analyses on RT for Ewing’s sarcomas sup-
port the importance of RT as part of multimodal treatment approaches. In a retrospective 
series on the comparison of treatment regimens of Ewing’s tumours of the spine, �ve-year 
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LC was 50% for surgery alone, 74% for RT alone and 83% for surgery in combination with 
RT [87]. For the treatment of Ewing’s sarcoma, protons have been infrequently used so far 
[88]. Hence, evidence of long-term outcomes for the treatment of Ewing’s sarcoma with 
particle therapy is still scarce.

Long-Term Outcomes and Prognostic Factors

In a recent clinical trial on PBT for Ewing’s sarcoma, an estimated �ve-year OS, LC and 
distant-metastasis-free survival (DMFS) of 83.0%, 81.5% and 76.4%, respectively, was 
reported. Metastatic status at diagnosis was found to be a signi�cant prognostic factor for 
�ve-year LC (p = 0.003). A tumour volume larger than 200 millilitres was associated with 
decreased DMFS (p = 0.03) [89]. �ese outcomes a�er PBT are comparable with analyses 
on treatment with RT for Ewing’s sarcoma reporting a three-year LC of 61% for patients 
presenting with metastatic disease and 84% for patients without metastases [90]. A higher 
risk of local relapse for patients with tumours larger than 200 millilitres compared to small 
tumours (subdistribution HR of 1.8) was also reported for patients treated with conven-
tional RT [91].

Age greater than 10 years was a signi�cant predictor for local (p = 0.05) and distant 
failure (p = 0.003) and a decreased OS (p = 0.05) a�er PBT [89]. For paediatric patients 
treated with PBT for Ewing’s sarcoma, Japanese data reported a �ve-year OS rate of 56.8% 
[92] which is substantially lower when compared to the report by Weber et al. [89]. OS was 
inferior for patients with recurrent disease and superior for patients who were not previ-
ously irradiated. In addition, superior OS for patients who could have received photon RT 
instead of PT was reported.
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FIGURE 9.2 Proton beam therapy dose plan for a pelvic Ewing’s sarcoma in a 27-year-old patient. 
Blue area: clinical target volume, red line: 95% isodose, orange line: 80% isodose, yellow line: 50% 
isodose, light blue line: 30% isodose.
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Late Toxicity

A reported toxicity pro�le for a cohort treated with PBT for Ewing’s sarcomas seemed to be 
favourable, with an estimated high-grade toxicity-free survival a�er �ve years of 90.9% [89]. 
Grade 1 and 2 late toxicities predominantly occurred as residual alopecia. Higher-grade 
(grade 3) e�ects were observed as kyphoscoliosis and endocrine dysfunction. No grade 4 
or 5 late toxicity was observed. Scolioses/kyphoses was also seen in other reports on PBT 
for paediatric Ewing’s sarcoma. Other mild reactions were limb length discrepancy, skin 
reactions and telangiectasia. Appearance of secondary malignancies of the blood (acute 
myeloid leukemia and myelodysplastic syndrome) was also observed in four patients [93].

SUMMARY AND CONCLUSION
�ough there is still a dearth of coherent published data, current results permit a pre-
liminary interpretation of long-term outcomes and prognostic factors in particle therapy 
for sarcomas. Long-term survival and disease outcomes for paediatric RMS a�er PBT are 
promising when using similar dose levels comparable to reports of photon-treated pop-
ulations. However, due to the dosimetric advantages of PBT, there is a chance to limit 
treatment-related side e�ects. As known, adverse predictors for prognosis are higher COG 
group and higher IRS stage. Young age, tumour size of more than �ve centimetres, parame-
ningeal primary disease site and intracranial extensions are also associated with a poorer 
prognosis. Furthermore, �ndings suggest that a delay in radiation should be avoided in 
the high-risk RMS group and particular in patients presenting with intracranial tumour 
extension. For CH and CS, no randomised large series on proton therapy are available. 
However, all data from proton therapy con�rm that even high local doses beyond 74 Gray 
can be applied safely with protons; direct comparison with historical photon data con�rms 
the dose-response relationship for CH. Clear data on any potential bene�t of heavier ions 
over protons are still in the future. For osteosarcomas, particle therapy appears to be an 
e�ective and safe treatment even when escalating local doses. It is predominantly used in 
locations where radical surgical resection seems infeasible. A�er particle therapy, early 
data on survival, disease control and late adverse events are promising. Studies revealed 
various parameters like tumour size, irradiation dose and resection status to have an 
impact on prognosis. Also in Ewing’s sarcomas, the use of proton and heavier charged 
particles resulted in promising survival and disease outcomes while late toxicities were tol-
erable. Local and distant control rates were adversely a�ected by later age (≥10 years) and 
metastatic status, whereas survival was negatively in�uenced by tumour volume, higher 
stage and previous irradiation.

Up to now, studies on particle therapy in sarcomatous tumours were predominantly 
retrospectively conducted and non-randomised. Relatively small cohorts and short follow-
up periods, usually not exceeding �ve years, are limiting the evidence for PBT and other 
charged particles. However, despite high doses, large volume and critical sites, particle 
therapy was proven to be both e�ective and feasible. �erefore, particle therapy will con-
tinue to be an important tool in the arsenal of multidisciplinary treatment concepts for 
di�cult sarcoma cases. Future research with large prospective clinical trials and interna-
tional registries will help to gain more evidence.


