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Abstract

Purpose: Proton beam therapy (PBT) may provide an advantage when planning well-

selected patients with extremity soft tissue sarcoma (eSTS), specifically for large,

anatomically challenging cases. We analyzed our early experience with PBT on toxicity

and outcomes.

Materials and Methods: A retrospective study was performed for eSTS treated between

June 2016 and October 2020 with pencil beam scanning PBT at 2 institutions.

Diagnostic, treatment, and toxicity characteristics were gathered from baseline to last

follow-up or death. Wound complications were defined as secondary operations for

wound repair (debridement, drainage, skin graft, and muscle flap) or nonoperative

management requiring hospitalization. Statistical analysis was performed with R

software.

Results: Twenty consecutive patients with a median age 51.5 years (range, 19–78

years) were included. Median follow-up was 13.7 months (range, 1.7–48.1 months).

Tumor presentation was primary (n ¼ 17) or recurrent after prior combined modality

therapy (n¼ 3). Tumor location was either lower extremity (n¼ 16) or upper extremity (n

¼ 4). Radiation was delivered preoperatively in most patients (n ¼ 18). Median

pretreatment tumor size was 7.9 cm (range, 1.3 –30.0 cm). The 1-year locoregional

control was 100%. Four patients (20%) had developed metastatic disease by end of

follow-up. Maximum toxicity for acute dermatitis was grade 2 in 8 patients (40%) and

grade 3 in 3 patients (15%). After preoperative radiation and surgical resection, acute

wound complications occurred in 6 patients (35%). Tumor size was larger in patients with

acute wound complications compared with those without (medians 16 cm, range [12–

30.0 cm] vs 6.3 cm, [1.3–14.4 cm], P ¼ .003).

Conclusion: PBT for well selected eSTS cases demonstrated excellent local control

and similar acute wound complication rate comparable to historic controls. Long-term

follow-up and further dosimetric analyses will provide further insight into potential

advantages of PBT in this patient population.
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Introduction
Limb sparing surgery remains the primary modality for treatment of extremity soft tissue sarcoma (eSTS) [1, 2]. Despite

improvements in imaging and surgical technique, radiation continues to be an integral part of the treatment paradigm to

improve local control [3]. However, radiotherapy (RT) can be associated with both short-term and long-term treatment related

morbidity that ultimately impacts a patient’s function and quality of life [4–6]. In the past decade, outcomes have been

improved through advances in RT planning and delivery techniques. Intensity modulated RT (IMRT) has shown the potential to

reduce toxicities and improve tumor control compared to conventionally planned RT [7–9]. Image-guided RT combined with

smaller target margins demonstrated reduced grade � 2 lymphedema, fibrosis, and joint stiffness in a phase II trial [9].

Proton beam therapy (PBT) is another potential option to further improve the conformality of radiation dose to help minimize

treatment morbidity. PBT could be advantageous in certain patients with eSTS given the improved target conformality and

reduction in integral dose [3, 10, 11]. The possible benefits of PBT compared with photons for patients with eSTS would be the

potential reduction in dose to bone while sparing lymphatic channels and limiting dose to the circumferential limb. While an

advantage of PBT has been demonstrated for multiple types of sarcomas including chordoma, chondrosarcoma,

osteosarcoma, and Ewing sarcoma, a specific focus on its role in the treatment of eSTS is lacking [12–14]. In this study, we

review our initial multicenter experience using PBT in the setting of newly diagnosed or recurrent eSTS.

Materials and Methods
Institutional review board approval was obtained before performing this retrospective analysis. Patients treated at 2 proton

centers with preoperative or postoperative PBT for eSTS were analyzed from June 27, 2016, to October 12, 2020. A gross

total resection was performed in all patients. Chemotherapy was prescribed neoadjuvantly, concurrently, or adjuvantly at the

discretion of the medical oncologist. Intraoperative radiation boost was delivered when it was felt to be beneficial by the

surgeon and radiation oncologist.

Radiation Treatment Planning and Delivery

Patients were simulated with computed tomography in treatment position. Optimal positioning for stable and reproducible

setup was determined based tumor location and size. Immobilization was achieved using a custom fabricated cradle and

thermoplastic mask as appropriate for each individual patient’s anatomy. Immobilization setup was evaluated for

reproducibility by a physician, proton physicist, and proton dosimetrist. Contralateral extremities, particularly lower extremities,

were left in the natural position. Intravenous contrast was used unless contraindicated. Volume and organs at risk definition

and treatment planning was performed in Eclipse (Varian Medical Systems, Crawley, UK). Gross tumor volume was delineated

based on the computed tomography simulation and image fusion with magnetic resonance imaging and positron emission

tomography imaging when available. The gross tumor volume was expanded to create the clinical target volume (CTV)

according to consensus guidelines to include adjacent tissue at risk for microscopic extension [15]. The CTV was constrained

by anatomic barriers, including fascia, bone, or compartment. The circumferential soft tissue and adjacent bone were

contoured as organs at risk. Beam specific optimization target volumes and scanning target volumes were created during the

planning process.

The proton plans were generated using pencil beam spot scanning using single-field or multifield optimization [16, 17].

Typical field arrangements used 2 to 3 fields, all treated daily with consideration of beam angles to optimize normal tissue

sparing and to minimize potential high biologic dose at the distal end of each beam. Target coverage was evaluated to the CTV

with 3 mm/3% robustness scenarios to account for daily setup variability and beam range uncertainty. Dose prescription was

described in centigray radiobiologic equivalent (cGy RBE). Seventeen available proton plans were evaluated by using dose-

volume histogram data for target volume and organs at risk. The dose volume parameters evaluated include mean dose to

CTV, bone, and soft tissue.

Endpoints

The primary outcome measured for this study was acute complication rate. Acute wound complications were defined as a

secondary operation for wound repair, such as debridement, skin graft, or muscle flap or nonoperative management, such as

the use of intravenous antibiotics requiring hospitalization occurring within 3 months of wide local excision [4]. Skin toxicity

during radiation treatment, and long-term pain, peripheral sensory neuropathy, fibrosis, lymphedema, and fracture were
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evaluated per the Common Terminology Criteria for Adverse Events version 5.0 [18]. Length of follow-up was determined as

the time from completion of all treatment to date of last follow-up. Treatment effect was defined as a substantial decrease in

viable tumor seen at final pathology after neoadjuvant treatment.

Statistical analysis was performed using R software version 4.0.3 (R Foundation for Statistical Computing, Vienna, Austria)

[19]. Descriptive statistics were generated to determine baseline characteristics pertaining to diagnosis, treatment, outcomes,

and toxicity. Tests for group differences by acute wound complication were conducted using the Fisher exact test for

differences in rates of categorical variables and Kruskal-Wallis rank sum tests to compare distributions of continuous variables.

Results

Patient Characteristics

All patients with eSTS in this study were treated with pencil beam scanning PBT (n¼20; Table 1). The median age at start of

treatment was 51.5 years old (range, 19–78 years). Thirteen (65%) patients had sarcoma of upper leg, 3 (15%) patients had

sarcoma of lower leg, 3 (15%) patients had sarcoma of upper arm, and 1 (5%) patient had sarcoma of lower arm. Of patients

with a proximal lower extremity sarcoma, 9 (69%) were in the upper medial thigh/groin. Seventeen patients were treated for

primary tumor, and 3 patients were treated for recurrent tumor. Before radiation, median size on imaging was 9.2 cm (1.3–30.0

cm). Stage distribution was as follows: 2 (10%) IA, 5 (25%) IB, 5 (25%) II, 4 (20%) IIIA, and 4 (20%) IIIB. The diagnosis was

made by a biopsy specimen in 14 (70%) patients and after unplanned excision in 6 (30%) patients.

Neoadjuvant chemotherapy was delivered for 5 (25%) patients. Of patients, 1 received rituximab, cyclophosphamide,

doxorubicin hydrochloride, vincristine sulfate, and prednisone chemotherapy for a concurrently diagnosed lymphoma.

Neoadjuvant regimens for eSTS were doxorubicin and ifosfamide (n ¼ 2), doxorubicin and dacarbazine (n ¼ 1), and

doxorubicin and epirubicin (n ¼ 1). Concurrent chemotherapy was provided for 4 (20%) patients. Rituxan was given as

concurrent chemotherapy to 1 (5%) patient. The other 3 patients received concurrent mitomycin, doxorubicin, and cisplatin

chemotherapy. Mitomycin, doxorubicin, and cisplatin chemotherapy was continued adjuvantly for 1 patient (5%).

Eighteen (90%) patients received PBT preoperatively and 2 (10%) were treated postoperatively (Table 2). Of patients

diagnosed by unplanned excision, radiation was delivered before (n¼4) or after (n¼2) formal re-excision. The median proton

beam dose was 5000 cGy RBE in 25 fractions (range, 3000–6600 cGy RBE). One patient did receive 4 fractions of photon

radiation before switching to PBT. Of 2 patients receiving postoperative PBT, 1 received 6000 cGy RBE and the other received

6600 cGy RBE. Three (15%) patients received PBT as reirradiation in the setting of recurrent disease after prior external beam

radiation and surgery at the time of initial diagnosis. One patient received 3000 cGy RBE 1 year after receiving the first course

of RT. Two patients received 5000 cGy RBE reirradiation after a period of 2 and 6 years after the first course of radiation.

Intraoperative electron RT was delivered to the surgical bed in 9 patients. The median intraoperative electron RT dose was

1250 cGy (range, 950–1750 cGy). Median electron energy was 9 MeV (range, 6–9 MeV) and prescribed to the 90% isodose

line.

One (5%) patient did not undergo surgery after completing radiation due to the development of metastatic disease and was

subsequently started on systemic therapy. In patients receiving neoadjuvant radiation, the median time from PBT to surgery was

1.2 months (range, 0.8–1.5 months). The range from surgery to PBT start in the 2 patients receiving adjuvant radiation was 2.1 to

6.9 months. Of 19 patients that underwent surgical resection, primary closure was performed in 7 patients (36.9%) and flap for

wound closure was performed in 12 of 19 patients (63.1%). Final surgical margins were negative as defined by no tumor on ink in

all 19 (100%) patients. Of the 19 surgical patients, 6 (31.5%) patients had close margins with tumor less than 2 mm from ink.

Outcomes

The median follow-up was 13.7 months (range, 1.7–48.1 months). In patients who did not undergo any surgical intervention

before RT, treatment effect was appreciated in 10 of 13 (77%) patients. Of 20 patients, 1 patient died 11.5 months after

radiation alone due to metastatic disease. During follow-up, 4 of 19 patients had developed metastatic disease. No patient

experienced a local failure.

Toxicity

During PBT, grade 2 and 3 acute dermatitis occurred in 8 (40%) and 3 (15%) patients, respectively. Rates of chronic G2þpain,

peripheral sensory neuropathy, fibrosis, and lymphedema were 26%, 16%, 5%, and 5%, respectively. Rates of chronic G3þ
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Table 1. Patient and tumor characteristics.

Characteristic Overall, n (%) (N ¼ 20)

Location of mass

Upper lega 13 (65.0)

Lower leg 3 (15.0)

Upper arm 3 (15.0)

Lower arm 1 (5.0)

Location on limb

Distal 3 (15.0)

Proximal 17 (85.0)

Presentation

Primary 17 (85.0)

Recurrence 3 (15.0)

Tumor size (cm)b

Mean (SD) 9.8 (7.8)

Median 7.4

Range 1.3–30.0

Histology type

Leiomyosarcoma 1 (5.0)

Malignant peripheral nerve sheath tumor 2 (10.0)

Myxofibrosarcoma 3 (15.0)

Myxoid liposarcoma 3 (15.0)

Other 2 (10.0)

Synovial sarcoma 3 (15.0)

Undifferentiated pleomorphic Sarcoma 2 (10.0)

Well-differentiated liposarcoma 4 (20.0)

Wound closure procedure/type

Flap 12 (63.1)

Primary 7 (36.9)

Missing 1

Surgical margin statusc

R0 19 (68.4)

Clinical T stage

T1 7 (35.0)

T2 5 (25.0)

T3 5 (25.0)

T4 3 (15.0)

Clinical N stage

N0 19 (95.0)

Not reported 1 (5.0)

Clinical M Stage

M0 20 (100.0)

Grade

Grade 1 (well differentiated) 7 (35.0)

Grade 2 (moderately differentiated) 2 (10.0)

Grade 3 (poorly differentiated) 11 (55.0)

Overall clinical stage [20]

IA 2 (10.0)

IB 5 (25.0)

II 5 (25.0)

IIIA 4 (20.0)

IIIB 4 (20.0)

Initial unplanned excision

Yes 6 (30.0)

No 14 (70.0)

aNine patients had tumor located in upper medial thigh or groin.
bLargest diameter measured on initial imaging.
cOne preoperative patient did not go on to surgery.
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pain, peripheral sensory neuropathy, fibrosis, and lymphedema were 0%, 6%, 6%, and 0%, respectively. One patient received

an initial course of postoperative PBT to 66 Gy to the hip and then required palliative photon radiation (20 Gy in 5 fractions) to

the leg for a metastatic lesion 6 months later; subsequently, this patient developed a pathologic fracture 6 months after second

course of RT. There were no grade 4 to 5 acute or late toxicities.

Acute wound complications occurred in 6 of 17 patients undergoing preoperative PBT followed by surgical excision (35%).

All patients had tumors located in the lower extremity as follows: 5 occurring in proximal lower extremity (thigh) and 1 distal

lower extremity (foot) (Figure 1; Table 3). Intraoperative debridement and incision and drainage, unplanned skin graft, muscle

flap, and intravenous antibiotic use requiring hospitalization were required in 6 (30%), 2 (10%), 2 (10%), and 2 (10%) patients,

respectively. Larger tumor size was significantly associated with acute wound complications compared with those without

(median 16 cm [range, 12.0–30.0 cm] vs 6.3 cm [1.3–14.4 cm], P¼ .003). Low-grade tumors also were associated with wound

complications because these patients were more likely to present with larger tumors. Patient age, tumor location, histology,

chemotherapy, or intraoperative electron RT were not associated with wound complications. There were no wound

complications in the 2 patients who received postoperative PBT.

Dosimetry

Dose volume histogram data were analyzed for the 17 patients treated with preoperative PBT and surgery. Target coverage

was met for all cases. The mean dose to the nontarget circumferential soft tissue was 2.1 Gy and the mean dose to the

adjacent bone was 14.1 Gy. The ability to limit circumferential dose with PBT is demonstrated in Figure 2 for a representative

patient with a large myxoid liposarcoma.

Table 2. Treatment characteristics for patients with extremity STS

treated with protons.

Parameter Overall (N ¼ 20)

Timing of radiation, n (%)

Postoperative 2 (10.0)

Preoperative 18 (90.0)

Reirradiation, n (%)

Yes 3 (15.0)

No 17 (85.0)

Previous treatment, n (%)

Photons 3 (100.0)

Previous dose, n (%)

5000 2 (66.7)

6000 1 (33.3)

Age at RT start

Mean (SD) 49.4 (19.9)

Median 51.5

Range 19.0–78.0

Total proton dose, n (%), cGy

3000 1 (5.0)

4500 1 (5.0)

5000 16 (80.0)

6000 1 (5.0)

6600 1 (5.0)

IORT 9 (45)

IORT dose

Median 1250.0

Range 950.0–1750.0

Electron energy, n (%), MeV

6 2 (22.2)

9 7 (77.8)

Abbreviations: STS, soft tissue sarcoma; RT, radiotherapy; cGy, centigray; IORT,

intraoperative electron radiotherapy.
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Table 3. Analysis of factors associated with acute wound complications after preoperative PBT.

Parameter

Yes

(N ¼ 6)

No

(N ¼ 11)

Total

(N ¼ 17) P value

Tumor location, n (%) .5151

Lower extremity 6 (100.0) 8 (72.7) 14 (82.4)

Upper extremity 0 (0.0) 3 (27.3) 3 (17.6)

Tumor location, n (%) ..99a

Distal 1 (16.7) 2 (18.2) 3 (17.6)

Proximal 5 (83.3) 9 (81.8) 14 (82.4)

Tumor sizec size on imaging (largest dimension in cm) .003b

Mean (SD) 19.5 (7.6) 6.1 (3.9) 10.3 (8.2)

Median 16.0 6.3 7.9

Range 12.0–30.0 1.3–14.4 1.3–30.0

Clinical T-stage [20], n (%) .031a

T1 1 (16.7) 5 (45.5) 6 (35.3)

T2 0 (0.0) 4 (36.4) 4 (23.5)

T3 2 (33.3) 2 (18.2) 4 (23.5)

T4 3 (50.0) 0 (0.0) 3 (17.6)

Grade .035a

Grade 1 (well differentiated) 5 (83.3) 2 (18.2) 7 (41.2)

Grade 2 (moderately differentiated) 0 (0.0) 1 (9.1) 1 (5.9)

Grade 3 (poorly differentiated) 1 (16.7) 8 (72.7) 9 (52.9)

Overall clinical stage [20], n (%) .074a

IA 1 (16.7) 1 (9.1) 2 (11.8)

IB 4 (66.7) 1 (9.1) 5 (29.4)

II 0 (0.0) 4 (36.4) 4 (23.5)

IIIA 0 (0.0) 3 (27.3) 3 (17.6)

IIIB 1 (16.7) 2 (18.2) 3 (17.6)

Abbreviation: PBT, proton beam therapy.
aFisher exact test for count data.
bKruskal-Wallis rank sum test.
cLargest diameter measured on initial imaging.

Figure 1. This patient

developed severe skin

necrosis requiring skin

grafting.
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Discussion

To our knowledge, this is the first series to analyze pencil beam scanning PBT specifically as part of combined modality

treatment of eSTS. Our results suggest that pencil beam scanning PBT is a potentially safe and effective option for

appropriately selected patients with eSTS. Prior publications have included a limited number of pencil beam scanning PBT

cases in their reports. Two patients with proximal upper extremity STS treated with PBT were included in a small study from

the Paul Scherrer Institute [14]. A prospective study from the University of Pennsylvania focused on PBT in previously

irradiated fields. Of 23 patients included in the study, the tumor location was in the extremity for 10 patients [21]. Three patients

who eventually required amputation after developing recurrence after PBT. Acute wound complications only occurred in 1

patient, but it was not specified if this was a patient with eSTS.

Figure 2. Axial (A) and sagittal (B) views of proton dose colorwash

for extremity sarcoma of left thigh.
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Immobilization is crucial when using PBT for eSTS. Simulation setups used custom fabricated cradles for proximal thigh

tumors and thermoplastic mold and mask combinations over the foot and ankle for distal extremity tumors. The reproducibility

of the immobilization and positioning was verified with the close collaboration between therapy staff, proton dosimetrist, proton

physicist, and physician. An advantage of PBT in this setting is the ability to leave extremities in a more natural position. This is

especially relevant for the contralateral extremity because there is less concern regarding low-dose bath compared with

photons.

Wound complications are a major cause of morbidity after preoperative photon RT. The seminal National Cancer Institute

Canada study demonstrated the use of preoperative radiation before surgical resection of eSTS compared with postoperative

radiation was associated with a significantly higher wound complication rate of 35% versus 17% [4]. In addition, patients with

lower extremity STS were at particularly high risk for wound complications after preoperative radiation with 43% observed

occurrence rate [4]. Compared with photons, protons have a higher entrance dose, potentially leading to more dose at the skin

surface and underlying subcutaneous tissues. While historically controlling skin dose with protons has been a concern, pencil

beam scanning techniques provide the capacity to modulate skin dose compared with older passive scatter techniques.

However, there is still concern that PBT could lead to a higher risk of wound complications compared with photon RT. The

results of our study show rates of acute wound complication comparable to historic rates after photon RT suggesting no

increased risk after pencil beam scanning PBT.

As the objective of radiation treatment for extremity sarcoma is to encompass the target volume while limiting

circumferential dose to radiosensitive structures, such as adjacent bone and skin, more advanced and sophisticated

techniques have been investigated [22]. In a phase II trial with 59 patients, O’Sullivan et al [23] demonstrated a wound

complication rate of 30.5% with the utilization of IMRT. Image-guided preoperative IMRT to a reduced volume has been

implemented to reduce treatment related morbidity for extremity STS [24]. In a retrospective review from Peeken et al [25]

imaged-guided helical IMRT (median dose 50 Gy in 25 fractions) was delivered preoperatively on a tomotherapy machine to

41 patients with eSTS. In this patient cohort, the major wound complication rate was 36.8%. The phase II RTOG 0630 trial

evaluating the use of image-guided RT to a reduced volume demonstrated a similar acute complication rate of 36.6% (26 of

71) patients [9]. We observed grade 3 acute dermatitis in only 15% of patients and acute wound complication in only 35% of

patients.

After surgical resection of a soft tissue sarcoma, soft tissue reconstruction with either free or pedicled flap often is required

to achieve limb salvage [26]. These patients are at higher risk for wound complications and tend to be challenging resections

involving skin resection or vascular exploration [27]. In our study, 12 of 18 patients (67%) underwent flap reconstruction after

excision after preoperative PBT. Considering that patients were selected for PBT because of their large size or challenging

anatomic location, these findings are reassuring that PBT does not increase the risk of acute skin toxicity or surgical

complications.

A review of a prospective database of 319 patients with eSTS from Memorial Sloan Kettering revealed 5-year local

recurrence rates were significantly improved with IMRT 7.6% versus 15.1% [28]. In our study, we report a 1-year locoregional

control rate of 100%. Firm conclusions regarding local control will require additional patients and longer follow-up, but this

finding suggests that target coverage was not compromised by the improved conformality or planning uncertainties unique to

PBT.

Radiation treatment planning for eSTS can often be challenging because of proximity of tumor to bone and the need to

spare a strip of lymphatics. Karasek et al [29] demonstrated that increased size of treatment volume was associated with

worsening scores for overall function, strength, fibrosis, and skin changes. This was especially true in patients receiving

radiation doses higher than 55 Gy [28]. Per Bishop et al [30] a higher risk of fracture was associated with 50 Gy to the entire

bone circumference, bone exposure, periosteal stripping during surgery, and use of perioperative chemotherapy. Dickie et al

[31] assessed parameters of radiation treatments in 21 patients out of 691 patients who developed bone fracture after

treatment of extremity STS. It was demonstrated that the risk of radiation-induced bone fracture was associated with the

volume of bone receiving V40 higher than 64%. The fracture incidence was also reduced if the mean dose to bone was , 37

Gy [31]. In patients receiving preoperative PBT in our study, the mean dose to the adjacent bone was 14.1 Gy, potentially

reducing the risk of bone fracture compared with other radiation techniques. However, 1 patient who received 66 Gy

postoperatively followed by palliative radiation for hip metastasis did develop a pathologic hip fracture requiring

hemiarthroplasty. There was a 6-month time span between radiation courses. It is difficult to attribute the cause of fracture

given there was metastatic sarcoma in the bone and patient received palliative radiation 6 months after PBT.
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The complexity of large, more anatomically challenging STS warrants the use of specialized techniques. In the RTOG 0630

trial using image-guided RT for extremity STS, Wang et al [9] tried to keep soft tissue D50% under 20 Gy and bone D50% , 50

Gy. Gonzalez et al [32] assessed volumetric modulated arc therapy (VMAT) versus sliding window IMRT in postoperative

treatment for extremity STS. A significant decrease in Dmean in the normal soft tissue was seen in the patients treated with

sliding window IMRT versus VMAT (10.4 Gy 6 6.8 Gy vs 14.7 Gy 6 6.5 Gy) [32]. Dosimetry studies focused on PBT versus

VMAT for extremity soft tissue sarcoma are also promising. In a study of 10 patients who received 66 Gy postoperatively,

Fogliata et al [22] demonstrated that PBT plans had significantly higher dose homogeneity as well as reduced volume

receiving medium/low dose levels compared with the VMAT plans the patients received.

Our study represents an early experience and is limited by small patient numbers and short follow-up time. In addition, this

small cohort includes patients who received preoperative and postoperative PBT and those undergoing re-irradiation.

However, the data suggest that PBT with pencil beam scanning is a promising modality to treat select eSTS cases safely and

effectively, with a wound complication rate comparable to historic controls. Patients with larger and anatomically complex

lesions may benefit from PBT compared with 3 dimensional conformal photons or IMRT. Long-term follow-up and additional

comparison dosimetric data will be crucial in the assessment of tumor control, fibrosis, edema, and quality-of-life outcomes.

ADDITIONAL INFORMATION AND DECLARATIONS

Data were presented in part at the American Society for Radiation Oncology 63rd Annual Meeting, October 24–27, 2021.

CRediT: Brady Laughlin MD: conceptualization, data curation, formal analysis, investigation, methodology, validation,

visualization, writing – original draft; Michael Golafshar: formal analysis, software, writing – review and editing; Safia Ahmed,

MD: validation and writing – review and editing; Matthew Prince, CMD: validation and writing – review and editing; Justin

Anderson, MD: validation and writing – review and editing; Tamara Vern-Gross, DO, FAAP: validation and writing – review and

editing; Mahesh Seetharam, MD: validation and writing – review and editing; Krista Goulding, MD: validation and writing –

review and editing; Ivy Petersen, MD: validation and writing – review and editing; Todd DeWees, PhD: formal analysis,

software, writing – review and editing; Jonathan Ashman, MD, PhD: conceptualization, formal analysis, investigation,

methodology, project administration, validation, visualization, writing – review and editing.

Conflicts of Interest: The authors have no relevant conflicts of interest to disclose.

Funding: The authors have no funding to disclose.

Ethical approval: All patient data have been collected under internal review board (IRB) approved protocol.

References
1. Mundt AJ, Awan A, Sibley GS, Simon M, Rubin SJ, Samuels B, Wong W, Beckett M, Vijayakumar S, Weichselbaum RR.

Conservative surgery and adjuvant radiation therapy in the management of adult soft tissue sarcoma of the extremities:

clinical and radiobiological results. Int J Radiat Oncol Biol Phys. 1995;32:977–85.

2. Rosenberg SA, Tepper J, Glatstein E, Costa J, Baker A, Brennan M, DeMoss EV, Seipp C, Sindelar WF, Sugarbaker P,

Wesley R. The treatment of soft-tissue sarcomas of the extremities: prospective randomized evaluations of (1) limb-sparing

surgery plus radiation therapy compared with amputation and (2) the role of adjuvant chemotherapy. Ann Surg. 1982;196:

305–15.

3. Frisch S, Timmermann B. The evolving role of proton beam therapy for sarcomas. Clin Oncol (R Coll Radiol). 2017;29:500–6.

4. O’Sullivan B, Davis AM, Turcotte R, Bell R, Catton C, Chabot P, Wunder J, Kandel R, Goddard K, Sadura A, Pater J, Zee B.

Preoperative versus postoperative radiotherapy in soft-tissue sarcoma of the limbs: a randomised trial. Lancet. 2002;359:

2235–41.

5. Davis AM, O’Sullivan B, Bell RS, Turcotte R, Catton CN, Wunder JS, Chabot P, Hammond A, Benk V, Isler M, Freeman C,

Goddard K, Bezjak A, Kandel RA, Sadura A, Day A, James K, Tu D, Pater J, Zee B. Function and health status outcomes in

a randomized trial comparing preoperative and postoperative radiotherapy in extremity soft tissue sarcoma. J Clin Oncol.

2002;20:4472–7.

6. Davis AM, O’Sullivan B, Turcotte R, Bell R, Catton C, Chabot P, Wunder J, Hammond A, Benk V, Kandel R, Goddard K,

Freeman C, Sadura A, Zee B, Day A, Tu D, Pater J, Canadian Sarcoma Group, NCI Canada Clinical Trial Group

Randomized. Late radiation morbidity following randomization to preoperative versus postoperative radiotherapy in

extremity soft tissue sarcoma. Radiother Oncol. 2005;75:48–53.

Laughlin et al (2022), Int J Particle Ther 9

Proton beam therapy for extremity soft tissue sarcoma



7. Alektiar KM, Brennan MF, Healey JH, Singer S. Impact of intensity-modulated radiation therapy on local control in primary

soft-tissue sarcoma of the extremity. J Clin Oncol. 2008;26:3440–4.

8. Stewart AJ, Lee YK, Saran FH. Comparison of conventional radiotherapy and intensity-modulated radiotherapy for post-

operative radiotherapy for primary extremity soft tissue sarcoma. Radiother Oncol. 2009;93:125–30.

9. Wang D, Zhang Q, Eisenberg BL, Kane JM, Li XA, Lucas D, Petersen IA, DeLaney TF, Freeman CR, Finkelstein SE,

Hitchcock YJ, Bedi M, Singh AK, Dundas G, Kirsch DG. Significant reduction of late toxicities in patients with extremity

sarcoma treated with image-guided radiation therapy to a reduced target volume: results of Radiation Therapy Oncology

Group RTOG-0630 Trial. J Clin Oncol. 2015;33:2231–8.

10. DeLaney TF, Haas RL. Innovative radiotherapy of sarcoma: proton beam radiation. Eur J Cancer. 2016;62:112–23.

11. Keole S, Ashman JB, Daniels TB. Proton therapy for sarcomas. Cancer J. 2014;20:409–14.

12. Ciernik IF, Niemierko A, Harmon DC, Kobayashi W, Chen YL, Yock TI, Ebb DH, Choy E, Raskin KA, Liebsch N, Hornicek FJ,

Delaney TF. Proton-based radiotherapy for unresectable or incompletely resected osteosarcoma. Cancer. 2011;117:4522–30.

13. Rombi B, DeLaney TF, MacDonald SM, Huang MS, Ebb DH, Liebsch NJ, Raskin KA, Yeap BY, Marcus KJ, Tarbell NJ,

Yock TI. Proton radiotherapy for pediatric Ewing’s sarcoma: initial clinical outcomes. Int J Radiat Oncol Biol Phys. 2012;

82:1142–8.

14. Weber DC, Rutz HP, Bolsi A, Pedroni E, Coray A, Jermann M, Lomax AJ, Hug EB, Goitein G. Spot scanning proton

therapy in the curative treatment of adult patients with sarcoma: the Paul Scherrer institute experience. Int J Radiat Oncol

Biol Phys. 2007;69:865–71.

15. Wang D, Bosch W, Roberge D, Finkelstein SE, Petersen I, Haddock M, Chen YL, Saito NG, Kirsch DG, Hitchcock YJ,

Wolfson AH, DeLaney TF. RTOG sarcoma radiation oncologists reach consensus on gross tumor volume and clinical

target volume on computed tomographic images for preoperative radiotherapy of primary soft tissue sarcoma of extremity

in Radiation Therapy Oncology Group studies. Int J Radiat Oncol Biol Phys. 2011;81:e525–8.

16. Quan EM, Liu W, Wu R, Li Y, Frank SJ, Zhang X, Zhu XR, Mohan R. Preliminary evaluation of multifield and single-field

optimization for the treatment planning of spot-scanning proton therapy of head and neck cancer. Medical Physics. 2013;

40:081709.

17. Paganetti H. Proton Therapy Physics - Series in Medical Physics and Biomedical Engineering. Boca Raton, FL: CRC

Press; 2011.

18. Common terminology criteria for adverse events: CTCAE. 5.0 ed: National Cancer Institute; 2017.

19. R Core Team. R: a language and environment for statistical computing, version 4.0.3. Vienna, Austria: R Foundation for

Statistical Computing; 2021. Accessed March 23, 2021. https://www.R-project.org/

20. Amin MB, Edge S, Greene F, Byrd DR, Brookland RK, Washington MK, Gershenwald JE, Compton CC, Hess KR,

Sullivan DC, Jessup JM, Brierley JD, Gaspar LE, Schilsky RL, Balch CM, Winchester DP, Asare EA, Madera M, Gress

DM, Meyer LR, eds; American Joint Committee on Cancer. AJCC Cancer Staging Manual. 8th ed. New York, NY:

Springer International Publishing; 2017.

21. Guttmann DM, Frick MA, Carmona R, Deville C, Jr., Levin WP, Berman AT, Chinniah C, Hahn SM, Plastaras JP, Simone

CB, 2nd. A prospective study of proton reirradiation for recurrent and secondary soft tissue sarcoma. Radiother Oncol.

2017;124:271–6.

22. Fogliata A, Scorsetti M, Navarria P, Catalano M, Clivio A, Cozzi L, Lobefalo F, Nicolini G, Palumbo V, Pellegrini C,

Reggiori G, Roggio A, Vanetti E, Alongi F, Pentimalli S, Mancosu P. Dosimetric comparison between VMAT with different

dose calculation algorithms and protons for soft-tissue sarcoma radiotherapy. Acta Oncol. 2013;52:545–52.

23. O’Sullivan B, Griffin AM, Dickie CI, Sharpe MB, Chung PWM, Catton CN, Ferguson PC, Wunder JS, Deheshi BM,

White LM, Kandel RA, Jaffray DA, Bell RS. Phase 2 study of preoperative image-guided intensity-modulated radiation

therapy to reduce wound and combined modality morbidities in lower extremity soft tissue sarcoma. Cancer. 2013;119:

1878–84.

24. Hong L, Alektiar KM, Hunt M, Venkatraman E, Leibel SA. Intensity-modulated radiotherapy for soft tissue sarcoma of the

thigh. Int J Radiat Oncol Biol Phys. 2004;59:752–9.

25. Peeken JC, Knie C, Kessel KA, Habermehl D, Kampfer S, Dapper H, Devecka M, von Eisenhart-Rothe R, Specht K,
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