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ABSTRACT

Background: Definitive external beam radiotherapy (EBRT) is an unusual treatment of unresectable
soft-tissue sarcomas (STS). Recent technical innovations and physical advantages of particle therapies
may improve results of this therapeutic option. The role of this review was to report the clinical results
of photon- and particle-based EBRT in unresectable STS.

Material and Methods: We performed a systematic review of the literature on Pubmed database to
identify studies investigating the efficacy and safety of EBRT. The primary endpoint was local control
(LC) and secondary endpoints were progression-free survival (PFS), overall survival (OS) and adverse
events in a subset of patients with gross disease STS.

Results: We identified 29 studies involving 1409 patients (pts) evaluating photon (n=18; 956 pts),
proton (n=1; 21 pts), carbon ion (n=2; 152 pts), neutron (n =7; 259 pts) or pion (n=1; 21 pts) ther-
apy. Definitive EBRT achieves valuable 5-year LC rates of 28-73% with photon and 52-69% with par-
ticle therapies. Most local failures (66-100%) occurred within 3 years. Long-term disease control can be
achieved in a fraction of patients, with 5-year PFS and OS of 0-39% and 24.7-63%, respectively. The
rate of severe adverse events was highly variable with photons, <15% in proton and carbon ion ther-
apy, wWhereas 25 to 50% of patients treated with neutrons and pions presented severe AE. While a
dose higher or equal 64 Gy seem to improve the prognosis, delivering a dose higher or equal 68 Gy
dramatically increases severe adverse events.

Conclusion: Definitive EBRT with dose 64-66 Gy seems to be a safe and efficient treatment for unre-
sectable STS. Future clinical trials should assess the potential of biomarkers of response, thus identify-

ARTICLE HISTORY
Received 12 November 2021
Accepted 8 April 2022

KEYWORDS
Unresectable; soft tissue
sarcoma; radiotherapy;
proton therapy; heavy ion
radiotherapy

ing patients that could benefit from local treatment.

Introduction

Soft tissue sarcomas (STS) are rare and heterogeneous malig-
nancies. Although the annual incidence is not precisely
known, it has been suggested that it represents 1% of newly
diagnosed adult malignant tumors [1], with a yearly crude
incidence in Europe of 4.7 per 100,000 person [2]. Surgery
remains the only mean of cure, improving both local control
and overall survival [3]. Unfortunately, adequate excision can
be limited by the presence of major neurovascular structures,
leading to 15 to 60% inoperable or incompletely resected
sarcoma [4-7]. Other factors such as co-morbidities or
patients’ refusal may limit the decision whether to perform
major surgery. Co-morbidities are common as 42% of STS are
diagnosed in elderly patients [8]. Due to sarcoma radioresist-
ance, requiring high dose to achieve local control [9,10],
external beam radiotherapy (EBRT) is uncommonly consid-
ered as curative option.

In past decades, technical innovations such as image-
guided radiotherapy (IGRT) and intensity-modulated radio-
therapy (IMRT) have enabled better target coverage while
lowering the dose delivered to organs at risk. The use of par-
ticle therapies, such as proton therapy (PT) or carbon ion

radiotherapy (CIRT), seems to be promising. Indeed, they bet-
ter spare adjacent organs due to the absence of exit dose
beyond the Bragg peak, thus allowing dose escalation.
Moreover, particles such as carbon ions with high linear
energy transfer (LET) have greater relative biological effect-
iveness (RBE) than that of photons and protons. The higher
biologically effective dose could thus overcome tumor
radioresistance.

Nevertheless, recent guidelines do not consider definitive
RT as a first line therapeutic option in unresectable STS [11].
The purpose of the present work was to identify publications
evaluating efficacy and safety of definitive photon- or par-
ticle-based EBRT used in this indication.

Material and methods
Data sources and study selection

We performed a systematic review following the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) statement guidelines. PubMed database was searched
with the following search string: ("soft tissue neoplasms"[MeSH
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Terms] OR "sarcoma'[MeSH Terms] OR sarcom* OR
fibrosarcom* OR neurofibrosarcom* OR leiomyosarcom* OR
liposarcom®* OR myxoid liposarcom* OR lymphangiosarcom*
OR rhabdomyosarcom*) AND (“soft tissue”) AND (("antineoplas-
tic protocols"[MeSH Terms]) OR (chemoradiotherap*) OR
(chemo-radiotherap*) OR (radiochemotherap*) OR (radio-che-
motherap*) OR (radiotherap*) OR ("radiotherapy"[MeSH Terms])
OR ("radiation therapy”) OR (radiation therap*) OR (hadron*)
OR ("Protons/therapeutic use"[MeSH]) OR ("Neutrons/thera-
peutic use"[MeSH]) OR pions OR pion OR borons OR boron
OR ("neutron beam") OR ("proton beam") OR ("proton beams")
OR ("carbon ion") OR ("carbon ions") OR ("heavy ion") OR
("heavy ions") OR ("light ion") OR ("light ions")) AND
(("english"[Language]) OR "french"[Language]).

Then, all titles or abstracts containing “definitive radiation
therapy”, “definitive radiotherapy”, “exclusive”, “unresectable”,
“unresected”, “non-resectable”, “without surgery”, or “gross
residual disease” were identified. The references of included
studies were screened for eligibility. The last search was run
on October 6th, 2021. Each study was screened and
reviewed for eligibility by two independent authors (BA,
WW) and review by a third in case of disagreement (MPS).

Inclusion criteria were publications in French or English
language, in unresected or grossly resected STS adult
patients, with available information on radiotherapy modal-
ities and clinical monitoring whatever the type of particle.
Exclusion criteria were publications including less than 5
unresected or grossly resected STS patients, pediatric series,
articles reporting global clinical results without separate ana-
lysis between bone sarcomas/STS, or between RO/R1 resected
and R2/unresected patients, conference abstracts and articles
with no full text available.

Outcomes

The primary outcome was local control (LC). Secondary out-
comes included local recurrence-free survival (LRFS), progres-
sion-free survival (PFS), overall survival (OS) and adverse
events (AE). Most studies considered dRT as a pseudo-curative
treatment and thus used the name disease- instead of progres-
sion-free survival, but their definition of this outcome was the
usual one of PFS. To generate comparative curves, for studies
which did not specify clinical outcomes at 6 months, 1, 2, 3, 4
and/or 5years, data were extracted from published plots using
Web Plot Digitizer (https://automeris.io/WebPlotDigitizer) to
convert datapoints into numerical values.

Data extraction

Data were extracted independently and verified by two
authors (BA, WW) using a predefined data extraction form.
For each study, we extracted the following data: authors’
name, year of publication, study design, median follow-up,
age, gender, total number of patients, number of unresected
or grossly resected patients, location of the tumor, histo-
logical diagnosis and FNCLCC grade, severe adverse events,
radiation therapy schedule information and type of par-
ticle used.
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Results
Identified studies

PubMed database searches yielded 6521 unique citations. All
abstracts from PubMed were retrieved, and using
pubmed.mineR package we selected 431. After full-text
review and evaluation of references, 29 unique citations,
with a total of 1409 patients (pts), from 1983 to 2020 were
included in this review (Figures 1 and 2). The characteristics
of eligible studies, their dose/fractionation data, and their
main clinical results are reported in Table 1. After data
extraction from text and/or published curves, we generated
comparative curves of LC (Figure 3), PFS (Figure 4) and OS
(Figure 5) according to the type of particle used.

Efficacy of EBRT for unresected or R2 STS

Our analysis included 18 (956 pts), 1 (21 pts), 2 (152 pts), 7
(259 pts) and 1 (21 pts) publications assessing photons, pro-
tons, carbon ions, neutrons and negative pi-mesons based
radiotherapy respectively (Table 1).

Because of the limited number and the heterogeneity of
publications, we did not perform post-hoc comparison of
clinical outcomes but reported them, as initially planned,
according to the type of particle (Figures 3, 4 and 5). When
considering the most used techniques worldwide, photons,
protons and carbonions achieved 5-year LC of 28-73%, 55%
and 65-69%, respectively.

Kepka et al. published the largest series with 112 patients
treated with photon-based radiotherapy with a median dose
of 64 Gy, and reported 5-year LC, DFS and OS of 45%, 24%
and 35%, respectively [9]. The largest series of carbon ions
reported 128 patients treated with a median dose of 70.4
GyE [12], and reported 5-year LC, DFS and OS of 65%, 32%
and 46%, respectively. In this series, no factor was signifi-
cantly correlated with LC. In contrast, OS was significantly
related to LC and tumor size >500cc (p=0.012 and 0.002,
respectively).

There was a large heterogeneity of dose prescription, par-
ticularly in photon-based irradiation, partly due to the tech-
nical evolution in radiation techniques. As an example, the
recent publication of Paik et al investigated the role of 1 to 5
fractions stereotactic body radiotherapy (SBRT) for unresect-
able STS of the trunk. For the 18 patients included, authors
reported 5-year LC and OS of 47% and 28%, respect-
ively [13].

Dose-response relationship

Radiation dose higher or equal to 63 Gy was associated with
better prognosis in unresectable STS (at 5years: LC 60% ver-
sus 22%, p=0.02; DFS 36% versus 10%, p=0.007; OS 52%
versus 14%, p=0.002) [9]. DelLaney et al. reported that
patients resected with positive margins and receiving more
than 64 Gy had higher LC, DFS and OS (p <0.04) [10]. This
dose threshold was not confirmed by Slater et al. [14] nor for
protons by Willers et al. (at 5years: LRC 73 versus 65%,
p=0.72; OS 76 versus 73%, p=0.72) [15]. Imai et al. failed to
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Records identified through Pubmed
database searching
Until October 6th 2021
n = 6521

Records screened n = 431

Records excluded n = 6090 :
Title and abstract without absence of
macroscopic resection terms using getabs
function by pubmed.mineR package

Potentially relevant articles for full-
text analysis n = 56

Additional records identified through
referencesn=12:
Already in database search n =10
Not in database searchn=2

Full-text articles excluded
n=27:
No separation between bone and soft-
tissue sarcoman = §

No survival or local control outcome n = 6
No separation between R0/R1 resected and
unresected patients n = 5
No definitive radiotherapy n = 4
Less than 5 unresected patients n =3

Pediatryn=1
Total of articles included n =29
Figure 1. Flow chart of the systematic review for Pubmed database search and analysis.
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Figure 2. Number and type of publication over time according to the particle used.
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Figure 3. Local control (LC) in the included studies according to the type of particle used and the number of unresected patients.
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Figure 4. Progression-Free Survival (PFS) in the included studies according to the type of particle used and the number of unresected patients.

demonstrate local or survival benefit of escalating the dose
above 70.4 GyE with carbon ions (5-year 46 versus 50%,
p=0.45) [12]. Nevertheless, While Serizawa et al. reported
that more than 90% of CTV was covered by prescribed iso-
dose [16], other studies did not report their respect of dose
constraint.Safety of EBRT

The rate of grade >3 AE was highly variable with pho-
tons, protons, and carbon-ion therapies alone. Severe acute
and late skin toxicities were 6-18% [9,10,15] and 1-5%
[9,10,13-15,17]. Chronic visceral complications such as sten-
osis, fistula or bleeding were 1-9% [9,14,16,18].

Neutrons and negative pi-meson therapy induced severe
late complications, mainly represented by 3-44% skin toxicity
[19-23] and 1-14% visceral obstruction [19,21,23-25], with a
grade 5 pneumonitis [24].

Major toxicities dramatically increased when the delivered
dose exceeded 66Gy. Dose thresholds of 68 Gy and 70 Gy
were respectively reported by Kepka et al. (26% versus 8%
severe AE) [9] and Slater et al. (28% versus 2% severe
AE) [14].

EBRT and systemic treatment combinations

Seven of the included studies evaluated a combination of
photon EBRT with radiosensitizer or chemotherapy [26-32].
In a small sample (n=11), promising 5-year DFS and OS of
34% were reported after EBRT and concomitant ifosfamide
[26]. Rhomberg et al. [27] evaluated a combination of razox-
ane and RT in unresectable STS in a randomized phase Il
study. This schedule improved LC from 30.5% to 64% at
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Figure 5. Overall Survival (0S) in the included studies according to the type of particle used and the number of unresected patients.

4years (p<0.05). The combination of vindesine and RT led
to a median OS of 17.5 to 29 months [28,29]. Concomitant
recombinant interleukine-2 achieved a median LC of
11.1 months in head and neck angiosarcomas [30].

These combinations induced important acute grade >3
adverse events, with 9-40% acute leucopenia [26,28,29],
3.5-35% acute skin toxicity [26,30,32], 60% (n=3/5) dyspha-
gia for angiosarcoma of the thyroid [29], and a toxic death
by pulmonary embolism [28].

Discussion

While surgery remains the standard of care of local STS, this
review shows that definitive RT is still a relevant treatment
option for unresectable cases. Since gross R2 resected and
unresected patients are both consider locally advanced, have
far worse prognosis than RO/R1 resected patients [33], and
undergo the same treatment with same challenges, they are
usually pooled together [14,27,34,35]. To our knowledge, no
direct prognostic comparison was reported between these
two gross tumor situations. We thus decided to include
both. On the one hand, controlling gross tumor locally is
essential in STS to prevent local complications such as bleed-
ing and pain, and to preserve patient’s quality of life. On the
other hand, keeping in mind LRFS, PFS and OS data is
important since long-term disease control can be achieved
and are frequently used in studies evaluating sys-
temic treatments.

EBRT achieves good results on long-term local control,
with a 5-year rate of 28-73% with photons and 52-70% with
particle therapies (proton 55%, carbon 65-69%, neutron
52%, pion 60%). Due to the size and the heterogeneity of
the studies, direct comparisons and pooled analyses could
not be performed. Local recurrences usually occur within
3years regardless of the radiotherapy technique [9,13] or the
type of particle used [12,16,20,25], and is possibly related to

OS [12,15,36]. Long-term disease control can be achieved,
with 5-year PFS of 0-36%, 32% and 0-39% with photons,
carbon ions and neutrons, respectively (no data available for
protons and pions). Five-year OS was 24.7-52.2% in photon-
based therapy, 63% using protons, 46-50% using carbons,
0-33% using neutron and 33% using pion therapy. In con-
trast, in post- and pre-operative radiotherapy, O’Sullivan
et al. reported far better prognosis, with 5-year LC, recur-
rence-free survival and OS of 92-93%, 58-59%, 67-73% [37].
Yang et al. reported 10-year local failure rates of 0 and 22%
in patients with high grade resected tumors who benefici-
ated or not of adjuvant RT (p=0.0001) [38].

The major issue remains the optimal total dose and frac-
tionation to achieve high local control rates. A dose higher
or equal 64 Gy was associated with a better prognosis [9,10],
while there was no benefit escalating dose higher than 70.4
GyE [12]. In unresectable bone or STS treated with carbon
ions, Kamada et al. also reported higher LC in patients receiv-
ing at least 64 GyE (p=0.035) [39]. Nevertheless, only one
study provided dosimetric data [16], making conclusions
about dose-effect relationship more difficult to interpret.
Furthermore, most treatments were performed in 2D or 3D-
CRT and delivered without IGRT, which likely led to actual
CTV undercoverage.

Proximity of critical organs is a major limitation for both
surgical excision and radiotherapy. Technological innovations
such as IGRT, IMRT or SBRT have been continuously improv-
ing the precision of dose delivery, thus allowing to deliver
either a higher dose to the tumor and to better spare OAR
[40]. In a study published by Folkert et al. in STS treated with
limb-sparing surgery and adjuvant RT, IMRT reduced both
local recurrence (HR = 0.46; p=0.02) and acute grade >2
radiation dermatitis (48,7% versus 31.5%; p=0.002) com-
pared with conventional RT [41].

For charged particles, the deposited dose increases with
depth to a maximum at the end of their path, called the



Bragg Peak. Compared to photon therapy, this ballistic
advantage may be useful to efficiently treat unresectable sar-
coma by limiting dose exposure to surrounding OAR. In add-
ition, high LET particle therapies have several advantages
compared with protons through their relative biological
effectiveness (RBE) and oxygen enhancement ratio (OER).
Despite variations according to the fractionation, LET and
energy of the beam, RBE of carbon, neutron and negative pi-
meson are around 3 [42], 3-4 [42] and 1.5 [43], respectively.
Photon OER is approximately of 2.5-3.0 [44] whereas OER of
carbon ions, neutrons and pions are around 1-2 [45], 1.6 [46]
and 2.2 [43], respectively.

To date, no prospective study has been published com-
paring photon and particle therapies, and particle therapies
between themselves for unresectable STS. ETOILE
(NCT02838602) is a randomized controlled trial still recruit-
ing. Its aim is to compare carbon ion therapy versus conven-
tional radiotherapy in the treatment of gross radioresistant
tumors, including STS (source www.clinicaltrials.gov).

More recently, development of spatially fractionated
radiotherapy (SFRT) allows to efficiently spare normal tissues
while treating bulky tumors [47]. This type of treatment con-
sists of alternating tumor sub-volumes treated at very high
or very low doses, typically in a single fraction. This highly
non-uniform dose could increase response rate by inducing
bystander effect [48,49] and vascular remodeling that
improves tumor oxygenation [50]. On the other hand, the
steep gradient in the high dose regions could better spare
OAR. Grams et al. [47] recently reported preliminary results
of this technique for two palliative patients. One had a
3680cm3 abdominal leiomyosarcoma treated with18Gy on
32 high dose regions within the GTV and presented a partial
response one week after treatment [47].

Systemic treatments alone achieve similar survival results
in this poor prognosis indication. Median PFS of non-meta-
static locally advanced sarcomas treated with Doxorubicin
with or without Ifosfamide was 7.3 and 5.4 months, respect-
ively [51]. Publications evaluating first-line anthracycline-
based treatment reported a median OS between 12.8 and
19months [51-53], but less than 20% of the patients
included in these series were non-metastatic.

From a radiobiological point of view, combining systemic
treatment and EBRT could be a valuable option to improve
the therapeutic ratio. While combining RT and systemic treat-
ment increased response rate [27], severe acute adverse
events could reach 35 to 60% [28-30] and should thus be
performed in selected patients. Jakob et al. performed con-
comitant chemoradiotherapy with temozolomide in 15
locally advanced unresectable non-metastatic STS. After this
induction treatment, nine out of 15 tumors (60%) were
amenable to surgery, with complete resection achieved in 7
patients, and R1 resection in 2 patients [54]. Trabectedin,
another conventional chemotherapy agent, has already pro-
ven its efficacy in advanced STS [55] and could be another
candidate. Its combination with RT in unresectable STS is cur-
rently evaluated in a phase I-ll trial (TRASTS; NCT02275286;
source www.clinicaltrials.gov). A multicentric phase | trial
published in early 2022 reported a median PFS of 6.5 months
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in 10 inoperable STS treated with EBRT and concomitant
Sunitinib [56]. Grade 3 adverse events were mainly hemato-
logical and reached 58% [56]. Poly-(ADP-ribose)-polymerase
inhibitors (PARPi) are other candidates. Indeed, these mole-
cules inactivate and trap PARP1 onto DNA damaged site,
converting single-strand breaks into potentially lethal DNA
double-strand breaks. In a preclinical study, Lee et al
reported that the addition of Olapararib (PARPi) to RT
increased DNA damage, apoptosis and cell death in Ewing
sarcoma cell lines [57]. In STS, a phase Ib (RADIOSARP;
NCT02787642) is evaluating the combination of Olaparib
with  concomitant radiotherapy (source www.clinical-
trials.gov).

A potential limitation of this systematic review is the
absence of pooled analysis. This is due to heterogeneity in
survival data reporting, to the more or less stringent selec-
tion of histological subtype and tumor location, and to the
potential use of various concomitant treatments in many
studies. Nevertheless, our work provides a detailed state of
the art of treatment regimens according to distinct clinical
situations, as well as their expected results.

Conclusion

Definitive photon, proton and carbon ion therapies are safe
options of treatment of unresectable STS and can achieve
long-term disease control in almost a third of patients.
Delivering dose higher than or equal to 64 Gy is required,
without exceeding 66 Gy. The combination of systemic treat-
ment and RT induces severe adverse events, should currently
be restricted to fit patients. Future trials should assess the
potential of biomarkers of response to identify patients or
histological subtypes that could benefit most from definitive
radiotherapy.
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