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ABSTRACT

Purpose/objectives: Proton beam therapy (PBT) may provide a dosimetric advantage in sparing soft
tissue and bone for selected patients with extremity soft sarcoma (eSTS). We compared PBT with pho-
tons plans generated using intensity-modulated radiotherapy (IMRT) and three-dimensional conformal
radiotherapy (3D-CRT).

Materials/methods: Seventeen patients previously treated with pencil beam scanning PBT were
included in this study. Of these patients, 14 treated with pre-operative 50 Gy in 25 fractions were ana-
lyzed. IMRT and 3D-CRT plans were created to compare against the original PBT plans. Dose-volume
histogram (DVH) indices were evaluated amongst PBT, IMRT, and 3D plans. Kruskal-Wallis rank sum
tests were used to get the statistical significance. A p value smaller than .05 was considered to be stat-
istically significant.

Results: For the clinical target volume (CTV), D2%, D95%, D98%, Dmin, Dmax, and V50Gy, were
assessed. Din, D1%, Dimaxe Dmeans V1GY, V5Gy, and V50Gy were evaluated for the adjacent soft tissue.
D1%, Dimaxs Dmean, and V35-50% were evaluated for bone. All plans met CTV target coverage. The PBT
plans delivered less dose to soft tissue and bone. The mean dose to the soft tissue was 2 Gy, 11 Gy,
and 13 Gy for PBT, IMRT, and 3D, respectively (p <.001). The mean dose to adjacent bone was 15 Gy,
26 Gy, and 28 Gy for PBT, IMRT, and 3D, respectively (p =.022).

Conclusion: PBT plans for selected patients with eSTS demonstrated improved sparing of circumferen-
tial soft tissue and adjacent bone compared to IMRT and 3D-CRT. Further evaluation will determine if
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this improved dosimetry correlates with reduced toxicity and improved quality of life.

Introduction

Limb salvage with surgical excision and pre-operative or
post-operative radiation is the preferred treatment strategy
for extremity soft tissue sarcoma (eSTS) [1,2]. Radiation
improves local control rates but may negatively impact func-
tion and quality of life [3-5]. Timing of radiotherapy, dose,
and field size correlate to specific toxicities such as
decreased range of motion, fibrosis, and lymphedema.
Developments in photon radiation planning such as three-
dimensional conformal radiotherapy (3D-CRT), intensity-
modulated radiotherapy (IMRT), and volumetric modulated
arc therapy (VMAT) may lead to improved tissue sparing and
thus reduced treatment toxicity compared to conventionally
planned radiotherapy [6-8]. In addition to more sophisticated
treatment planning, image-guided radiotherapy (IGRT) allows
for decreased target margins and smaller target volumes
resulting in a significant decrease in late toxicity [8].

Proton beam therapy (PBT) may also be advantageous for
eSTS patients with anatomically challenging presentations

such as proximal medial thigh location or semi-circumferen-
tial tumor. Protons are heavy charged particles that undergo
small angle scattering and deposit maximum energy per
length close to the end of the range, termed the ‘Bragg’
peak [9]. PBT may be advantageous given the improved tar-
get conformality and reduction in integral dose [10-12]. In
particular, PBT may lead to a reduction in dose to soft tissue
and bone, allowing for a decreased risk of chronic lymphe-
dema or late bone fracture. In this study, we performed a
dosimetric comparison of pencil beam scanning PBT, IMRT,
and 3D-CRT for patients with eSTS. We hypothesize that PBT
will lead to better sparing of soft tissue and bone compared
to IMRT and 3D-CRT.

Materials and methods

After approval by the institutional review board (IRB), 17
eSTS patients previously treated with PBT were identified,
and 14 of these patients treated with pre-operative intent
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were the subjects for this study. Patient positioning was
determined during the simulation, and proper immobilization
was used to ensure daily reproducibility. A treatment plan-
ning CT was performed without and with intravenous
contrast.

Gross tumor volume (GTV) was delineated based on the
CT simulation and fusion of magnetic resonance imaging
(MRI) and positron emission tomography (PET) imaging when
available. The clinical target volume (CTV) was an expansion
of the GTV to include adjacent tissue at risk for microscopic
extension using consensus guidelines [13]. The CTV was con-
strained by anatomic barriers, including fascia, bone, or com-
partment. The adjacent circumferential soft tissue and bone
were contoured as organs at risk (OARs). The soft tissue was
delineated by setting a region of interest (ROI) box 2cm
above and below the superior and inferior edge of the CTV
or PTV. Then, the target volume and the bone avoidance
structure are cropped away to create the soft tissue avoid-
ance structure. The bone was contoured similarly by using
an ROl 2cm above and below the superior and inferior
edges of the target volume.

Planning technique

Proton plans were generated using pencil beam spot scan-
ning using single-field (SFO) or multi-field optimization
(MFO) [14,15]. With SFO, each proton field is optimized to
cover the target uniformly [14,15]. With MFO, spot intensities
from multiple fields are optimized concurrently to create a
dose fluence generating a highly conformal dose distribution
[14,15]. Treatment plans typically included two to three
fields, with all fields treated daily. Beam-specific optimization
target volumes (OTV) and scanning target volumes (STV)
were created during the planning process to account for
uncertainties in proton range and daily positioning. Beam
angles and field design were selected to have optimal radio-
logic path length, normal tissue sparing, and control the
potential high radiobiologic dose at each beam’s distal end
of the proton range due to the high linear energy transfer in
proton therapy [16]. Bolus was never applied for PBT (but
range shifter was used instead). The plans were evaluated
with 3mm patient setup errors and 3% proton range uncer-
tainty scenarios to ensure robust target coverage [14]. The
dose prescription was described in centigray radiobiologic
equivalent (cGy RBE) assuming a fixed relative biological
effectiveness (RBE) of 1.1. Proton plans were evaluated using
dose-volume histogram (DVH) indices for both target volume
coverage and OAR sparing.

In IMRT or 3D-CRT planning, a 5mm PTV was applied as a
uniform expansion from the CTV, adhering to our clinical
practice. Beam angle selection for 3D-CRT plans consisted of
angles that would provide optimal coverage considering
sparing normal tissue and OARs. IMRT planning with volu-
metric modulated arc therapy (VMAT) utilized two to three
half arcs depending on the complexity and location of the
tumor. Bolus was utilized for cases where the CTV extended
to the skin surface, and coverage was not adequate without

it. All cases were optimized to meet the plan objectives for
each case best.

Dose prescription and dose-volume constraints

The prescription dose was 5000cGy RBE in 25 fractions for
all patients. Plans were evaluated using DVH indices, includ-
ing the mean and median doses to the CTV, adjacent soft tis-
sue, and bone. For the CTV, dose to 2 cc (D2cc), dose to 95%
(D95%), dose to 98% (D98%), volume receiving 50Gy
(V50Gy), minimum dose (Dpyi,, and maximum point dose
(Dmax) Were assessed. For the adjacent soft tissue, Dy, dose
t0 1% (D1%), Dmaxs Dimeans VOlume receiving 1 Gy (V1Gy), vol-
ume receiving 5Gy (V5Gy), and volume receiving 50Gy
(V50Gy) were evaluated. D1%, Dmax, Dmean, and V35-50Gy
were evaluated for adjacent bone. For all plans, the following
dose constraints were followed: 1) CTV V100% > 99% (at
least 99% of the clinical target volume receives 100% of the
dose). 2) Soft tissue Dynean <5000 cGy (mean dose to soft tis-
sue is less than 5000 cGy). 3) Bone Dyean <5000cGy (mean
dose to adjacent bone is less than 5000cGy). 4) Bone
Avoidance V4000 cGy < 50% (less than 50% of bone volume
receives 4000cGy). 5.) Bone Avoidance V5000 cGy <50%.
CTV conformality was evaluated using the RTOG conformity
index (Cl), the ratio of the volume of 95% isodose line to the
clinical target volume. CTV heterogeneity was compared
using the heterogeneity index (HI), defined as the ratio of
the maximum point dose and the prescription dose.

For important OAR DVH indices, the means and medians
were calculated. Kruskal-Wallis rank sum tests were used to
compare distributions of continuous variables.

Results

Tumor location was as follows: 9 (64%) proximal lower
extremity, 1 (7%) distal lower extremity (knee), 3 (22%) prox-
imal upper extremity, and 1 (7%) distal upper extremity
(hand). Of the 14 patients receiving proton beam therapy,
five proton patient plans were planned with SFO, and nine
patients were planned with MFO. A representative case com-
paring dose distributions for PBT, IMRT, and 3D-CRT is shown
in Figure 1. Target coverage was within acceptability criteria
for all PBT, IMRT, and 3D-CRT plans. Mean CTV coverage, soft
tissue, and bone dose are summarized in Table 1 and Figure
2. The mean dose to the soft tissue was 2Gy (range:
0—45Gy), 11Gy (range: 8-17Gy), and 13Gy (range: 5-
32Gy) for PBT, IMRT, and 3D-CRT plans, respectively. PBT
demonstrated a statistically significantly lower mean dose to
the soft tissue than either IMRT or 3D-CRT (p <.001). The
mean dose to adjacent bone was 15Gy (range: 1-35QGy),
26 Gy (range: 10-40Gy), and 28 Gy (range: 5-48 Gy) for PBT,
IMRT, and 3D, respectively, which also was significantly lower
for PBT (p=.022). Table 2 summarizes specific dose-volume
parameters for CTV, soft tissue, and bone.

The mean Cl was 1.5, 1.9, and 3.4 for PBT, IMRT/VMAT,
and 3D-CRT, respectively (Table 1). Conformity was signifi-
cantly improved in the PBT plans compared with IMRT and
3DCRT. (p <.001). The mean HI was 1.092, 1.093, and 1.068
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Figure 1. Axial and coronal CT dosimetry demonstrating a PBT (A,B), IMRT/VMAT (C,D), and 3D-CRT (E,F) treatment plan.

Table 1. Mean and median dose-volume parameters for clinical target vol-
ume, soft tissue, and bone.

Overall (N=14) Proton VMAT/IMRT 3D p Value®
CTV V100% > 99% 403
Mean (SD) 98.3% (2.1%)  99.1% (0.8%) 98.9% (1.3%)

Median 99.0% 99.1% 99.1%

Range 93.5%-100%  96.8%-99.8%  96.0%-100%

Soft tissue AVD mean < 5000 cGy <.001
Mean (SD) (cGy) 197.8 (154.0) 1184.7 (298.9) 1329.4 (736.7)

Median (cGy) 166.2 1081.0 1183.5

Range (cGy) 1.0-454.1 771.2-1736.2 456.9-3150.3

Bone AVD mean < 5000 cGy .022
Mean (SD) (cGy) 1530.8 (949.1) 2453.3 (788.0) 2659.8 (1305.6)

Median (cGy) 14141 2591.4 2725.8

Range (cGy) 56.0-3486.9  1024.6-3974.0  548.4-4760.0

Bone AVD V4000 cGy <50% .021
Mean (SD) (cGy) 18.3% (15.8) 27.1% (19.2) 45.0% (26.7)
Median(cGy) 14.4% 23.8% 48.2%

Range(cGy) 0.0-0.55.9% 0.0-65.9% 2.2%-88%

Bone AVD V5000 cGy <50% .005
Mean (SD) (%) 5.7% (6.1%) 15.5%(13.0%)  29.8% (24.4%)
Median(%) 4.51% 13.32% 25.06%

Range (%) 0.0-21.5% 0.0-41.4% 0.8-81.7%

Conformity index <.001
Mean (SD) 1.5 (0.3) 1.9 (0.6) 3.4 (1.8)

Median 1.5 1.7 29

Range 1.1-2.4 13-35 1.9-9.1
Heterogeneity index <.001
Mean (SD) 1.09 (0.02) 1.09 (0.01) 1.07 (0.02)

Median 1.09 1.09 1.06

Range 1.06-1.16 1.08-1.11 1.05-1.10

Kruskal-Wallis rank sum test.

for PBT, IMRT, and 3D-CRT, respectively. There was a signifi-
cant difference in HI for PBT, IMRT, and 3D plans (p <.001).

Discussion

While maintaining equivalent target coverage, this study sug-
gests that pencil beam scanning PBT can produce a more
conformal and heterogeneous plan while reducing the dose
to the adjacent bone and non-target soft tissue compared to

IMRT and 3D-CRT in selected patients with eSTS. There is
minimal data regarding PBT's potential benefits for this
patient population. In an early experience, PBT as pre-opera-
tive treatment of extremity sarcoma was shown to have a
wound complication rate and local control similar to histor-
ical controls [17]. In their study, Fogliata et al. reported a
dosimetric comparison between VMAT and PBT on ten eSTS
patients treated with post-operative radiation to 66 Gy in 25
fractions [18]. The target coverage receiving 95% of the pre-
scription dose was 4% higher for PBT versus VMAT-IMRT [18].
They also noted statistically significant higher dose homo-
geneity evaluating standard deviation inside the PTV (2.3 Gy
for protons and 3.0Gy for IMRT) [18]. Furthermore, they
noted no significant difference in bone maximum dose of
50Gy to 1cm?® for protons versus photons [18]. The most
considerable difference between proton and photon plans
was demonstrated for medium to low doses (V35Gy and
V40Gy).

The current study evaluates treatment techniques in the
pre-operative radiotherapy setting. Radiotherapy dose, the
timing of radiotherapy, and field size have been shown to
correlate with specific toxicity following radiotherapy. For
instance, pre-operative radiotherapy followed by wide local
excision has been shown to lead to a higher rate of wound
complications but lower rates of fibrosis and lymphedema
[4]. On the other hand, post-operative RT, which traditionally
employs doses up to 66 Gy and large field sizes, is associated
with higher rates of fibrosis and lymphedema [4]. PBT may
be advantageous by limiting the volume treated and sparing
the dose to the bone and lymphatic strip. Karasek et al. dem-
onstrated that patients with eSTS receiving doses higher
than 55Gy to large treatment volumes suffered from
increased fibrosis, skin changes, and impaired function and
strength [19]. Although a rare late toxicity, bonefracture can
occur if 50Gy is delivered to the entire bone circumference,
bone exposure is present, periosteal stripping is performed
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Figure 2. Mean DVH indices of PBT, IMRT/VMAT, and 3D treatment plans for
CTV, bone, and soft tissue.

during surgery, or perioperative chemotherapy is used [20].
In a small cohort of patients who developed late bone frac-
ture following radiation therapy for eSTS, it was demon-
strated that radiation induced osteitis or bone fracture is
associated with bone V40 >64% [21]. A reduction in bone
fracture incidence was shown if mean bone dose was less
than 37 Gy [21]. We demonstrated a median bone dose of
14.1 Gy with PBT, which could indicate there is a low risk of
bone fracture when protons are used. One caveat is that the
uncertainty over possible higher radiobiologic effective dose
due to the high LET at the end of proton range in bone, and
therefore clinical data is warranted.

It is a common understanding of extremity sarcoma radio-
therapy that sparing a segment of the circumferential limb
from the total dose is critical to reducing the risk of

Table 2. Specific mean dose volume parameters for clinical target volume,
soft tissue, and bone dose-volume parameters.

Proton — mean (SD) IMRT - mean (SD)

3D - mean (SD)

v

Dmin (Do) 54.6 (1.3) 54.3 (0.8) 53.3 (0.7)
D9,(Gy) 53.1 (0.7) 52.8 (0.5) 52.8 (0.5)
Dgses(GY) 50.1 (0.5) 50.3 (0.2) 50.5 (0.5)
Dogos(GY) 49.1 (1.1) 50.0 (0.4) 49.7 (1.3)
Dmax (Dmo) 39 4 (7 0) 46-1 (45) 43 9 (11 3)
Vs06,(%) 95.8% (3%) 98.2% (1.7%) 98.2% (1.9%)
Soft tissue

Diin (Do) 33.5(7.1) 38.7 (5.0) 52.5(1.2)
D14,(Gy) 18.6 (8.3) 30.9 (4.6) 50.5 (2.8)
Dimax 0100) (GY) 0.0 (0.0) 0.1 (0.4) 0.0 (0.1)
Dinean(GYy) 2.0 (1.5) 11.8 (2.9) 13.1 (7.3)
Vigy(%) 25.1% (14.2%) 95.7% (4.4%) 81.3% (14.9%)
Vs6y(%) 11.9% (9.2%) 75.7% (10.3%) 38.4% (18.8%)
Vs06,(%) 0 (0.0) 0 (0.0) 7.0% (8.5%)
Bone

Dmmin 0oy (GY) 50.2 (10.3) 53.0 (4.9) 52.7 (0.7)

Dy, (Gy) 47.6 (11.9) 50.4 (6.4) 51.7 (1.6)
Dimax 100y (GY) 0.0 (0.1) 1.2 (1.0) 0.9 (0.9)
Dimean (GY) 15.2 (9.6) 243 (8.0) 26.0 (13.5)
V356,(%) 22.1% (17.2%) 30.9% (19.5%) 46.0% (27.0%)
V366(%) 21.4% (17%) 30.0% (19.5%) 45.7% (27%)
V3764(%) 21.4% (16.9%) 29.2% (19.4%) 45.4% (27%)
V3s6(%) 20.0% (16.3%) 28.5% (19.4%) 45% (27%)

V306,(%) 19.3% (16.0%) 27.7% (19.3%) 44.7% (27%)
V406y(%) 18.6% (15.6%) 27.0% (19.2%) 44.4% (27%)
V4164(%) 17.9% (15.2%) 26.2% (19%) 44.0% (26.9%)
Vi26y(%) 17.1% (14.9%) 25.5% (18.8%) 43.7% (26.9%)
Vi364(%) 16.3% (14.5%) 24.8% (18.6%) 43.2% (26.8%)
V446,(%) 15.5% (14.0%) 24.0% (18.4%) 42.6% (26.8%)
V4s56,(%) 14.6% (13.6%) 23.2% (18.1%) 41.9% (26.7%)
Visey(%) 13.5% (13.0%) 22.3% (17.7%) 41.1% (26.6%)
Vi76y(%) 12.2% (12.3%) 21.3% (17.2%) 39.8% (26.2%)
V4g6y(%) 10.8% (11.2%) 20.1% (16.5%) 37.3% (25.2%)
V496,(%) 8.8% (9.2%) 18.6% (15.5%) 33.9% (24.2%)
Vs06,(%) 6.5% (6.8%) 15.8% (13.0%) 29.4% (23.9%)

lymphedema. In their evaluation of toxicity following adju-
vant radiotherapy, Stinson et al. demonstrated that a larger
length of radiation therapy field (greater than 35cm) corre-
lated with higher rates of edema. However, field sizes are
now much smaller with image guidance and IMRT; therefore,
the risk of lymphedema should theoretically be reduced. The
specific relationship between soft tissue circumferential dose
and the potential risk of lymphedema is less defined. There
is no data in the literature that provides specific constraints
for preventing lymphedema in patients with eSTS. There is
data, however, which demonstrates that the dose to soft tis-
sue and skin can be reduced. In their comparative study
evaluating IMRT and 3DCRT as pre-operative treatment,
Griffin et al. demonstrated that IMRT decreased the dose to
the skin and subcutaneous tissues overlying the tumor that
would be part of the future surgical flap [22]. In their com-
parative study of post-operative IMRT and 3DCRT, Hong
et al. demonstrated that soft tissue volume receiving pre-
scription dose could be reduced by 78%. The D5 to soft tis-
sue could be reduced by 13% with IMRT versus 3D
techniques [23]. The use of IMRT was associated with an
increased volume of soft tissue receiving low dose bath, but
mean doses were similar compared to 3DCRT [23].
Additionally, IMRT significantly reduced the skin volume
receiving the prescription dose and the dose encompassing
5% or 95% of the skin. Clinical follow-up and toxicity



evaluation is warranted to determine whether dosimetric
constraints could be defined in the pre-operative and post-
operative setting. Although the soft tissue dose-volume con-
straints to limit the risk of edema remain poorly defined, this
ultimately may prove to be the more significant dosimetric
and clinical advantage of proton therapy over IMRT/VMAT.

The advantages of IMRT to 3D-CRT have been demon-
strated in the post-operative setting. Stewart et al. compared
3D conformal therapy and IMRT for ten patients with eSTS
undergoing post-operative therapy [7]. Simple IMRT plans
using two to three fields, as well as standard IMRT plans
using four to five fields, were created. This study demon-
strated that IMRT plans provided greater conformity and
homogeneity, with significantly lower femur V45 using 2/3
field IMRT and 4/5 field IMRT than 3D-CRT. Additionally, 4/5
field IMRT resulted in significantly lower normal tissue V55
and normal tissue maximum dose than 3DCRT. As previously
discussed, Hong et al. demonstrated that IMRT was superior
in reducing the bone dose while minimizing hot spots in the
soft tissue and skin [23].

The delivery of proton beam therapy for extremity sar-
coma requires robustness given setup and range uncertain-
ties [24-27]. The sensitivity of scanning beam PBT plans to
uncertainties is defined as ‘plan robustness’. Range uncertain-
ties arise from multiple sources, such as computer tomo-
graphic (CT) number uncertainty, tumor shrinkage, patient
weight changes, and uncertainties associated with the con-
version of CT numbers to stopping powers [28]. Appreciable
degradation of the delivered dose distributions may also
occur from setup uncertainties that are due to misalignment
of incident beams with the external patient anatomy and
due to the realignment of the internal patient anatomy with
respect to the target volumes. The factors mentioned impact
dose distributions distally and proximally but also within it
as well, impacting the overall robustness. For example,
patients with proximal thigh sarcomas may be repositioned
in the frog leg position daily, which may be quite challeng-
ing to reproduce daily. Setup errors often produce the great-
est uncertainty when delivering a single fraction [24].

In contrast to proton therapy, conventional photon radi-
ation therapy relies on an additional margin around the clin-
ical target volume (CTV) to form a planning target volume to
handle set-up uncertainties [29]. However, different strategies
have been used to mitigate the impact of uncertainties in
scanning beam PBT treatment planning. For SFO, the impact
of uncertainties may be reduced with the use of appropriate
beam specific distal and proximal margins. For MFO, the
practice has been to use robust optimization to generate a
robust scanning beam PBT plan [29]. Image guidance is per-
formed with daily kV-kV image matching to bone. The devel-
opment of local edema is another common occurrence
during the radiation for extremity sarcoma tumors that may
impact the proton plan robustness more significantly than
an IMRT/VMAT plan. This is monitored clinically as well as
with verification scanning to assess changes in target cover-
age and to adapt the plan as needed.

Given the importance of maintaining robustness, immobil-
ization is of high importance when delivering PBT for eSTS
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[17]. At the time of simulation, custom fabricated cradles are
used for proximal thigh sarcomas and thermoplastic molds
and mask combinations over the foot and ankle for distal
lower extremity sarcomas [17]. With the use of customizable
cradle, a frog leg position can be used daily with accurate
daily set-up. The reproducibility is verified by radiation thera-
pists, proton dosimetrists and physicists, and physician [17].
Another benefit of proton beam therapy is the ability to
maintain the contralateral extremity in a normal position, as
there is less concern for low dose bath compared to pho-
tons [17].

Our findings of improved dose distribution with PBT
require further study to confirm a clinical benefit. However,
advanced technology has been demonstrated to improve
outcomes in eSTS. In the post-operative setting, IMRT has
been associated with improved local control compared to
conventional techniques [30]. Image-guided radiation ther-
apy can reduce late toxicities after pre-operative radiation by
allowing for margin reduction [8]. Recent guidelines from the
American Society for Radiation Oncology (ASTRO) recom-
mend using IMRT for eSTS to reduce the dose to OARS and
reduce toxicity [31].

Radiation is a well-known risk factor for the development
of secondary malignancies [32,33]. In a report of childhood
cancer survivors, secondary sarcomas occurred a median of
11.8years from original diagnosis [32]. After adjusting for
treatment, children with primary sarcomas were more likely
to develop a secondary sarcoma [32]. In another study, a
total of 159 of 7079 (2.2%) pediatric and young adult
patients were found to have a secondary malignant neo-
plasm following treatment for sarcoma. Of the 3654 pediatric
patients treated for a tumor involving the extremity sarcoma
(bone and soft tissue), 76 (2.1%) developed a secondary
malignant neoplasm. Protons are often considered in chil-
dren and young adults with eSTS as the objective is to spare
as much normal tissue as possible. However, adults with
good prognosis should also be considered for proton beam
therapy. A review of the SEER database of patients treated
between 1973 and 2008 demonstrated increased risk of sec-
ondary sarcoma in patients treated with radiation therapy.
Stratifying by age, standardized incidence ratios (SIR) of sec-
ondary sarcoma to be 5.32, 2.41, and 1.83 for ages 20-39,
40-59, and 60-79years old, respectively [33]. A caveat is that
patients with primary sarcomas were excluded due to diffi-
culty distinguished between recurrent primary sarcomas or
development of secondary sarcomas. Proton therapy has
demonstrated have reduced risk of secondary malignancy,
with a relative risk reduction of 48% in comparison to pho-
tons [34]. Therefore, it is not unreasonable to consider pro-
ton beam therapy in adults, especially those with larger
tumors and sparing of circumferential tissue is more achiev-
able with proton beam therapy.

Several factors limit this study. Although we demonstrate
improved soft tissue and bone sparing with PBT, correlation
with toxicity outcomes and patient-reported quality of life
will be needed to demonstrate clinical benefit. Also, we
acknowledge the need for careful patient selection in this
study. Although the ASTRO guidelines currently recommend
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IMRT as the preferred technique, many patients with small to
medium-sized tumors that are superficial or lateralized may
still be treated well with 3D-CRT techniques.

Conclusion

In patients with eSTS, sophisticated radiotherapy techniques
such as PBT and IMRT/VMAT are advantageous in reducing
the dose to the adjacent bone and limb circumference,
potentially leading to reduced late toxicity and improved
function over time. For patients with anatomically challeng-
ing tumors that are large, central, and semi-circumferential
around the bone, pencil beam scanning PBT may be a prom-
ising technique when available.
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